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REMARKS 

A. Status of the Claims 

Claim 67 was pending and rejected in the final Office Action dated February 12, 2002. 
In this Preliminary Amendment, Applicants add claims 86-89. Support for the added claims may 
be found throughout the specification at least at the following locations: page 8, lines 25 to page 
9, line 4; page 9, lines 6-12; page 9, lines 21-23; page 14, lines 19-23; page 15, lines 1-5; and, 
page 16, lines 5-10. Accordingly, no new matter has been added. A copy of the pending claims 
in this case can be found in Appendix A. 

B. Provisional Obviousness-Type Double Patenting Rejection 

The Action provisionally rejects claim 67 under the judicially created doctrine of 
obviousness-type double patenting as being unpatentable over claims 22, 29, and 32-34 of co- 
pending Application No. 09/668,532. Once the present claims are in condition for allowance, 
Applicant will submit, if appropriate, a terminal disclaimer. 

C. Factual Evidence Proves Claims Are Described 

The Action rejects claim 67 as containing subject matter that was not described in the 
specification in such a way as to reasonably convey to one skilled in the relevant art that the 
inventor, at the time the application was filed, had possession of the claimed invention. The 
Action argues that the "present specification provides no such reasonable clarity to those skilled 
in the art that applicant was in possession of the claimed invention." Action at page 3. 
Applicant respectfully traverses this rejection. 

The claims are generally directed to an "adenovirus vector comprising a wild type p53 
gene under the control of a promoter." The specification makes clear that the inventor was in 
possession of the claimed invention: 
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• "In one specific embodiment, the invention concerns vector constructs for 
introducing wild type p53 genes (wt-p53) into affected target cells suspected of 
having mutant p53 genes. These embodiments involve the preparation of a gene 
expression unit wherein the wt-p53 gene is placed under the control of the P-actin 
promoter, and the unit is positioned in a reverse orientation into a retroviral 
vector." Specification at page 9, lines 6-12. 

• In Example III, "The p53 cDNA with its p-actin promoter was cloned into the 
LNSX retroviral vectors in both orientations." Specification at page 61, lines 29- 
30 (emphasis added). 

• "While this affect [sic] was observed using the p-actin promoter and a retroviral 
expression vector, the inventors believe that this phenomenon will be applicable 
to other promoter/vector constructs for application in gene therapy." 
Specification at page 8, line 25 to page 9, line 4 (emphasis added). 

• "In addition to retroviruses, it is contemplated that other vectors can be 
employed, including adenovirus..." Specification at page 14, lines 21-23 
(emphasis added). 

"While the P-actin promoter is preferred the invention is by no means limited to 
this promoter and one may also mention by way of example promoters derived 
from RSV, N2A, LN, LNSX, LNSN, SV40, LNCX or CMV." Specification at 
page 15, lines 1-4 (citations omitted). 

• "Generally speaking, such a promoter might include either a human cellular or 
viral promoter. While the p-actin promoter is preferred the invention is by no 
means limited to this promoter...." Specification at page 14, line 35-page 15, lines 
2 (emphasis added). 

• "While the retroviral construct aspect of the invention concerns the use of a *- 
actin promoter in reverse orientation, there is no limitation on the nature of the 
selected gene which one desires to have expressed. Thus, the invention concerns 
the use of antisense-encoding constructs as well as 'sense' constructs that encode 
a desired protein." Specification at page 16, lines 5-10. 

Therefore, the Specification makes clear that 1) p53 sense constructs are contemplated in 

both orientations; 2) any discussion about antisense constructs applies to "sense" constructs such 

as p53; 3) constructs can be retroviral, but they may also be adenovirus constructs; 4) promoters 

are discussed both generally and in the context of antisense constructs, in addition to CMV being 

specifically mentioned; and finally, 5) since an adenovirus can be used instead of retrovirus and 
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since constructs are not limited to antisense constructs, applying equally to sense constructs, 
there is adequate written description for an "adenovirus vector comprising a wild type p53 gene 
under the control of a promoter," as well as for vectors with a CMV promoter. 

In addition to the Declaration of Dr. Lou Zumstein, submitted with the Response filed on 
October 18, 2001, Applicant submits the Declaration of Dr. Philip Hinds (Appendix B). Both of 
these constitute evidence from a person of ordinary skill in the art to support the contention that 
the applicant was in possession of the claimed invention at the time the priority application was 
filed. Applicant contends that the Action has not rebutted the evidence submitted by persons of 
ordinary skill in the art to maintain the rejection of these claims. Evidence, as opposed to 
examiner argument, should be required to meet the "preponderance of the evidence" standard set 
forth in MPEP § 2163.04. The declarations and the identified portions of the specification show 
the written description requirement has been met. Accordingly, Applicant respectfully requests 
this rejection be withdrawn. 

D. Claims Are Enabled 

The Action rejects claim 67 under 35 U.S.C. § 112, first paragraph, as containing subject 
matter that was not described in the specification in such a way as to enable one skilled in the art 
to which it pertains to make and/or use the invention. The Action contends that the specification 
does not provide a source for packaging cell lines for the production of adenoviral vectors that 
contain the p53 gene in a region of the adenoviral genome essential for replication. It further 
argues that the specification nor the art provide a source for packaging cells that complement 
deletions in different regions of adenovirus, and consequently, that the breadth of the claim is not 
enabled. Applicant traverses this rejection. 
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The art cited in the Action supports, rather than disputes, the required assumption that the 
specification is enabling. Satisfaction of the enablement requirement is not precluded by the 
necessity of some experimentation. See Atlas Powder Co. v. E.I. duPont De Nemours & Co., 
750 F.2d 1569, 1576, 224 U.S.P.Q. 409 (Fed. Cir. 1984). The test of enablement is whether the 
experimentation needed to practice the invention is undue. MPEP § 2164.01 (citing Mineral 
Separation v. Hyde, 242 U.S. 261, 270 (1916)). 

The Action cites two references to argue that some experimentation is required to 
generate different adenovirus complementing cell lines. The Action relies on U.S. Patent 
5,994,106, which the Action contends supports its contention that "a summary of the relevant art 
taught that complementing or packaging cell lines for other than adenovirus El were not in use." 
However, neither the cited patent, nor the other cited reference of Armentano, shows that the 
amount of experimentation is undue. In fact, instead of showing the invention is inoperable or 
reads on inoperable species, Armentano and other references indicate that complementing cell 
lines other than 293 cells were made and that other such cell lines could be made. As the Action 
notes, Armentano et al acknowledges that E2 (E2A)-complementing and E4-complementing cell 
lines were made; this statement is based on two references, Brough et al. 1992 (Appendix C) and 
Weinberg et al 1983 (Appendix D), which were published prior to the filing of the present 
application. Another article by Rice et al (1985) (Appendix E) further confirms the availability 
of E2A-complementing cell lines. Thus, there is proof that there were other cell lines available. 
The Action's contention that cell lines other than 293 cells were unavailable at the time the 
application was filed in inaccurate. As such, there is no prima facie basis to reject the claims as 
not enabled. 
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Furthermore, the enablement rejection is misplaced to the extent that the Action generally 
contends that the application has not enabled second and third generation adenovirus vectors. "A 
patent applicant is not required ... to predict every possible variation, improvement or 
commercial embodiment of his invention." United States Steel Corp. v. Phillips Petroleum Co., 
673 F. Supp. 1278, 1292 (D. Del. 1987), affd, 865 F.2d 1247, 1250 (Fed. Cir. 1989) (specifically 
quoting this statement). This is consistent with the Federal Circuit's view of later developed 
technology. The mere fact that a claim may be found to cover after-developed technology does 
not in itself lead to a conclusion that the claim is invalid for failing to enable the claimed 
technology. Hormone Research Found., Inc. v. Genentech, Inc., 904 F.2d 1558, 1568 (Fed. Cir. 
1990). The issue of enablement is whether the specification enables one skilled in the art to 
practice the claimed invention at the time the application is filed. United States Steel Corp., 865 
F.2d at 1251. 

The claimed invention was enabled at the time the application was filed. Based on the 
foregoing evidence and arguments, Applicant respectfully requests this rejection be withdrawn. 
E. Claims Are Not Obvious 

The Action rejects claim 67 under 35 U.S.C. § 103 (a) as being unpatentable over Chen et 
al (1990) (Chen) in view of Colicos et al. (1991) (Colicos) further in view of Pasleau et al. 
"(1986) (Pasleau). The Action contends that "the motivation by Chen was to use a vector 
comprising p53 to revert the transformed phenotype, the motivation to use Colicos was that 
adenovirus has a broad host range for the study of mammalian gene expression and the 
motivation to use Pasleau was that the CMV promoter had exhibited strong expression levels." 
Applicant respectfully traverses this rejection. 
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A prima facie case of obviousness requires that a suggestion or motivation, either in the 
references themselves or in the knowledge generally available to one of ordinary skill in the art, 
to modify the reference or to combine reference teachings. MPEP § 2143. The purported 
"motivation statements" in the Action do not satisfy this requirement. Instead, the motivation 
statements simply identify what the cited articles teach. The Action does not, however, indicate 
any reason why a person of ordinary skill in the art would combine or modify the references — 
that is, why a person of ordinary skill in the art would create an adenovirus vector comprising a 
wild-type p53 gene under the control of a promoter or specific promoters. Why would a person 
modify the Chen reference to employ the adenovirus vector taught by Colicos? It is not 
convincing or sufficient to answer that a person would do it because Colicos teaches adenovirus 
has a broad host range for the study of mammalian gene expression as this simply begs the 
question: why would a person of ordinary skill in the art want a broad host range for the study of 
mammalian gene expression in the context of Chen's showing that p53 reverts the transformed 
phenotype? Why would a person modify the Chen reference to employ an adenovirus when 
Chen shows that its retrovirus vector accomplishes the results set forth in the paper? 
Alternatively why would a person of ordinary skill in the art replace the denV gene from 
bacteriophage T4 with a wild-type p53 gene? That Chen shows p53 reverts the transformed 
phenotype or that Colicos shows adenovirus has a broad host range for the study of mammalian 
gene expression simply do not answer that question. In fact, none of the references can. The 
question of "Why produce the claimed invention?" goes to the heart of the motivation/suggestion 
requirement. Without a sufficient answer, none of the references provides the requisite 
motivation or suggestion to produce the claimed invention. Accordingly, a proper prima facie 
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case of obviousness has not been made. Applicant respectfully requests this rejection be 
withdrawn. 

F. Conclusion 

It is believed that no fee is due; however, should any fees under 37 C.F.R. §§ 1.16 to 1.21 
be required for any reason, the Commissioner is authorized to deduct said fees from Fulbright & 
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INRP:003-2 
SN 09/447,681 

APPENDIX A: 
PENDING CLAIMS 

67. (Amended) An adenovirus vector comprising a wild type p53 gene under the control of a 
CMV promoter. 

86. An adenovirus vector comprising a wild type p53 gene under the control of a promoter. 

87. The vector of claim 86, wherein the promoter is the p-actin promoter. 

88. The vector of claim 86, wherein the promoter is the SV40 promoter. 

89. The vector of claim 86, wherein the promoter is the RSV promoter. 
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PATENT 



DECLARATION OF PHILIP W. HINDS, PH.D UNDER 37 C.F.R. §1.132 

Commissioner for Patents 
Washington, D.C. 20231 

Dear Sir: 

I, Philip W. Hinds, Ph.D., declare the following: 
1. I am an Associate Professor in the Pathology Department at Harvard Medical 
School. I have a Ph.D in Molecular Biology from Princeton University. My doctoral 
dissertation focused on p53 and its role as an anti-oncogene. At Harvard, I have done 
research on tumor suppressors, including p53 and Rb. I have authored a number of 
scientific papers on these topics. My curriculum vitae is attached as Exhibit 1 . Based on 
my knowledge of the scientific literature and my own research, I am familiar with the 
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level of skill of a person with ordinary skill in the p53 field in the 1992 to 1993 time 
frame. 

2. I have reviewed the specification of the instant application. 

3. It is my opinion that the specification indicates that the inventors contemplated 
that adenovirus could be substituted for retrovirus as a vector for wild-type p53 under the 
control of a promoter. I base this conclusion on the wording of the specification, which 
makes it clear that the inventors envisioned and planned for an adenovirus vector 
encoding wild-type p53 under the control of a promoter. In particular, I base my 
conclusions on page 9, lines 6-8 and page 14 lines 21-23 of the specification. 

4. I hereby declare that all statements made of my own knowledge are true and all 
statements made on information are believed to be true and further that the statements were 
made with the knowledge that willful false statements and the like so made are punishable 
by fine or imprisonment or both under § 1001 of Title 18 of the United States Code, and that 
such willful false statements may jeopardize the validity of this application or any patent 
issued thereon. 
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Construction, Characterization, and Utilization of Cell Lines Which Inducibly 
Express the Adenovirus DNA-Binding Protein 

DOUGLAS E. BROUGH. VAUGHN CLEGHON, and DANIEL F. KLESSIG 1 

Waksman Institute. Rutgers, State University of New Jersey. P.O. Box 759, Piscataway, New Jersey 08855 
Received June 2. 1992; accepted June 23. 1992 

To further our understanding of structure-function relationships within the multifunctional adenovirus DNA binding 
protein (DBP) a more diverse collection of mutants is necessary. DBP-expressing cell lines (gmDBP) were previously 
constructed that complemented DBP-negative mutants for viral growth. However, they did not allow severely defective 
viruses to form plaques. Since efficient mutant construction is reliant on plaque isolation of the desired mutant virus as 
a final step, additional gmDBP cell lines were constructed which allow all DBP-negative mutants to form plaques. Here 
we describe the construction and characterization of 12 new gmDBP cell lines. The utility of these lines was demon- 
strated by the efficient construction of a new defective mutant, H5in804, using a combination of DBP-expressing lines. 
The H5in804 mutation adds 22 amino acids at the carboxyi end of an otherwise wild type protein. Characterization of 
H5in804 revealed that it was altered in its ability to replicate viral DNA. The depression of DNA synthesis most probably 
results from a reduced ability of H5in804 DBP to bind ssDNA. © 1 992 Academic Press, inc. 



INTRODUCTION 

The adenovirus ssDNA binding protein (DffeP) is an 
excellent example of a multifunctional protein. Mutants 
have been invaluable in discerning relationships be- 
tween structure and function for DBP and describing 
the multiple roles played by DBP throughout the 
course of an adenovirus infection. Characterization of 
mutants with temperature sensitive (ts) lesions in the 
DBP gene (especially the prototype DBP mutant, 
H5ts1 25) have suggested a myriad of functions played 
by DBP. DBP is required for viral DNA replication at 
several different phases of this complex process (Hor- 
witz, 1990; van der Vliet, 1990; Williams and Chase, 
1990; Brough et a/., 1992). Studies on these ts mu- 
tants and their revertants have further suggested that 
DBP plays a role in the control of early gene expression , 
(Carter and Ginsberg, 1976; Carter and Blanton, 
1978a,b; Blanton and Carter, 1979; Nevins and 
Winkler, 1 980; Babich and Nevins, 1 981 ; Nicolas etal., 
1982), morphological transformation (Ginsberg et a/., 
1974; Rubinstein and Ginsberg, 1974; Williams et al., 
1 974), and virion assembly (Nicolas et al., 1 983). 

Another type of DBP mutant {host range, hr) allows 
human adenovirus to grow productively on monkey 
cells (Klessig, 1977; Anderson, 1981). Wild type (wt) 
adenovirus is blocked for growth on monkey cells be- 
cause late gene expression is altered (Klessig and An- 
derson, 1 975; Anderson and Klessig, 1 982). The block 
to late gene expression, which the hr mutations over- 

' To whom reprint requests should be addressed. 



come, is due to reduced transcription of late genes 
(Johnston et al, 1 985), an altered pattern of RNA splic- 
ing of the L1 and L5 late regions (Anderson and Kles- 
sig, 1984; Anderson etal., 1988), and poor utilization 
of the fiber (L5) mRNA in abortively infected monkey 
cells (Silverman and Klessig, 1989). 

The hr mutations (aa 130) (Klessig and Grodzicker. 
1979; Kruijer et a/., 1981; Anderson et aL, 1983; 
Brough et al., 1 985) and an additional mutation which 
allows the hr virus to overcome cold sensitivity in mon- 
key cells (aa 148) (Brough etal., 1985) are located in 
the amino-terrriinal (N-t) portion of DBP. The ts muta- 
tions that alter ssDNA binding and DNA replication (aa 
280, 282, and 4 1 3) (van der Vliet et al., 1 975; Kruijer et 
al., 1981, 1982; Prelich and Stillman, 1986) are local- 
ized within the carboxyl-terminal (C-t) portion. Analysis 
of H2ts400 which contains both hr and ts mutations 
indicates that the N-t and C-t regions of the protein 
function independently (Rice and Klessig, 1984; 
Brough etal., 1985). Additional evidence that the pro- 
tein contains at least two structurally and functionally 
distinct domains includes sequence comparison of the 
different serotypes (C-t is highly conserved while the 
N-t is not) (Quinn and Kitchingman, 1 984; Kitchingman, 
1985; Vos etal., 1988), different amino acid contents 
of the two regions, and cleavage of the protein by a 
variety of proteinases which results in two distinct frag- 
ments (Klein et al., 1979; Linne and Philipson, 1980; 
Schechter ef al., 1980; Tsernoglou et al., 1985). The 
N-t domain is responsible for the control of late gene 
expression while the C-t domain is responsible for bind- 
ing to nucleic acids and functioning in DNA replication. 
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The development of cell lines expressing wt DBP 
(gmDBPI -5) (Klessig ef ai, 1 984a) facilitated construc- 
tion of site-directed mutants within the DBP gene. The 
first set of directed mutants constructed contained 
large deletions which essentially eliminate DBP ex- 
pression (Rice and Klessig, 1985). The prototype for 
this set, H5dl802, demonstrates an absolute require- 
ment of DBP for viral DNA replication and suggests 
that DBP's control of E1 and E4 expression and mor- 
phological transformation are properties of the mu- 
tated H5ts1 25 protein and not properties of the wt pro- 
tein (Rice and Klessig, 1985; Rice etaL, 1987). Rever- 
tants of H5dl802, exemplified by H5dl802r1 (Cleghon 
et ai, 1 989), show the importance of the N-t region in 
the efficient nuclear localization of DBP. Subsequent 
site-directed mutants within the N-t region defined two 
motifs necessary for nuclear transport {Morin et aL t 
1 989). Other sets of directed mutants within the N-t 
domain of DBP further implicate this region in the con- 
trol of E2A expression (Rice and Klessig, 1985; 
Cleghon et al, 1989; Morin ef aL t 1989) and a DNA 
replication function distinct from that performed by the 
C-t domain (Brough et al., 1 992). 

Directed DBP mutants have provided much insight 
into our understanding of structure-function relation- 
ships. However, we are still limited in our knowledge of 
DBP due to the lack of sufficient mutants throughout 
the DBP gene. The previously constructed gmDBP cell 
lines which inducibly express wt DBP complement 
nonviable DBP mutant viruses for growth, but do not 
allow the viruses to form plaques. The lack of plaque 
formation on these cell lines makes mutant virus con- 
struction and isolation extremely difficult and time con- 
suming. An insufficient level of DBP was thought to be 
responsible for the failure of these lines to facilitate 
plaque formation by the most severely debilitated DBP 
mutants. Therefore, another set of gmDBP cell lines 
was produced that contained the SV40 enhancer to 
increase DBP expression. Here we describe the con- 
struction and characterization of these new gmDBP 
cell lines which allow even severely defective DBP mu- 
tants to form plaques. The utility of these lines is dem- 
onstrated by the efficient construction of a virus carry- 
ing a DBP mutation that is lethal for the growth of the 
virus. 

MATERIALS AND METHODS 

Cells and cell transformation 

The parental HeLa cell line (provided by J. F. Wil- 
liams), as well as the gmDBP lines passaged in the 
absence of selection for Escherichia coli xanthine- 
guanine phosphoribosyltransferase (gpt) expression, 
were grown on Dulbecco's modified Eagle's medium 



IQ CELL ONES 6 25 

(Flow Labs) supplemented with 10% calf serum, 100 
fig per ml streptomycin, 100 /ig per ml pennicillin, and 
292 jig per ml glutamine. Propagation, transformation, 
selection, and isolation of transformants expressing 
the (gpt) gene were as described in Klessig ef at. 
(1984a). To remove the gmDBP cell lines from selec- 
tion the monolayers were first allowed to reach 50% 
confluency and the media was changed to normal 
growth conditions. Maintenance of a high density was 
necessary for several passages to avoid a lag period 
which occurred if the lines were removed from selec- 
tion at low cell densities. 

Construction of pMSG-DBP-EN 

A fragment containing two copies of the SV40 72-bp 
enhancer, a 1 64-bp BamHl fragment from pACT (gift of 
M. Botchan) was isolated from a 5% polyacrylamide 
gel by diffusion. After organic extractions and ethanol 
precipitation the overhanging BamHl ends were blunt 
ended with Klenow and C/al linkers were added. The 
C/al-modified fragment was ligated into C/al-linearized 
pMSG-DBP (Klessig ef ai, 1984a) that had been 
treated with calf intestinal phosphatase (Boeringer- 
Mannheim). The resulting construct, pMSG-DBP-EN 
was verified by restriction enzyme analyses. Unless 
otherwise stated all reagents were supplied by New 
England Biolabs and techniques were as described in 
Maniatis era/. (1982). 

Screening and analyses of gmDBP cell lines 

Levejs of DBP accumulation in confluent monolayers 
of the n£w gpt + cell lines (approximately 3 x 1 0 6 cells 
per 60-mm dish) after 24 hr of dexamethasone treat- 
ment were compared to the level of DBP expressed in 
the dexamethasone-induced gmDBP2 cell line (Klessig 
et a/., 1 984a). Aliquots of each cell lysate were immu- 
noprecipitated with polyclonal anti-DBP, the proteins 
fractionated by SDS-PAGE (10% polyacrylamitfe gel) 
and transferred to nitrocellulose. Immunoblot detec- 
tion of DBP was as previously described except that 
5% nonfat milk was used as a blocking agent, a 1 :75 
dilution of polyclonal anti-DBP was used, and reactions 
were done at room temperature in a plastic container 
(Klessig etal. t 1984b). Cellular DNA preparation, sin- 
gle-copy Southern analysis, and the kinetics of DBP 
synthesis and accumulation in gmDBP cell lines was 
as described in Klessig etaL (1984a). 

To screen for the ability to support virus plaque for- 
mation the lines were first removed from gpt + selection 
and passaged at least 1 0 generations. When grown in 
the presence of gpt + selection none of the lines sup- 
ported wt Ad5 plaque formation. Plaque assays were 
performed as described in Rice and Klessig (1 985) with 
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the addition of 6 X 1 0" 7 M dexamethasone to all over- 
lays. A cell density of approximately 85-9096 con- 
fluency at the initiation of plaque assays was important 
to maintain excellent plaque formation. Under these 
optimum conditions, gmDBP2 supported H5dl802 
plaque formation to known titers only one out of 10 
times, while gmDBP6 reproducibly gave consistent 
titers. 

Construction, propagation, and analysis of a lethal 
DBP mutant 

The C/al linker insertion mutation at the Dra\ site in 
the DBP gene was previously described as a lethal 
DBP mutation (Vos et al, 1989). This mutation alters 
the reading frame of the DBP gene at the termination 
codon and effectively adds 22 amino acids to the C-t 
end of the otherwise wt protein. The virus construction 
method used was the in vivo single-recombination pro- 
cedure described in Vos et al. (1 989) and Morin et al 
(1989). Virus plaque isolation, propagation, and analy- 
sis of virus growth properties were as previously de- 
scribed (Klessig, 1 977; Rice and Klessig, 1 985). 

Viral DNA was isolated by a modified Hirt procedure 
(Hirt, 1967; Rice and Klessig, 1984). DNAs purifi€&by 
Hirt extraction were digested with £coRI and separated 
on a 0.8% agarose gel. Viral DNA accumulation was 
determined directly by ethidium bromide staining of the 
gels. For quantitation of viral DNA synthesis, infected 
HeLa monolayers were labeled with pH]thymidinefor 1 
hr at the designated times postinfection before low- 
molecular-weight DNA was isolated. The £coRI-di- 
gested and fractionated DNAs were transferred to ni- 
trocellulose, fluorographed, and the amount of label 
incorporated into each band quantitated with a Joyce- 
Lobel Chromoscan 3. This value was then represented 
graphically as the percentage of peak wt Ad5 DNA syn- 
thesis. 

The methods for determining synthesis and accu- 
mulation of DBP, pulse-chase experiments analyzing 
DBP stability, techniques used for in situ immunofluo- 
rescence microscopy, and the method used to analyze 
mutant DBP ssDNA binding ability have all been de- 
scribed previously (Anderson and Klessig, 1983; Kles- 
sig et ai, 1 984b; Volkerding and Klessig, 1 986; Brough 
et a/., 1992). Buffer AB contains 10 mW potassium 
phosphate, pH 6.8/1 mM EDTA/0.5 mM dithiothreitol/ 
30 $i§ per ml phenylmethylsulfonyl fluoride/7% glyc- 
erol, and the indicated concentration of NaCI. 

RESULTS 

Construction of DBP-expressing cell lines 
The DBP gene contained within the plasmid con- 
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sone (DM) inducible mouse mammary tumor virus 
(MMTV) promoter (Klessig et al., 1984a). This vector 
also carries the £ coli xanthine-guanine phosphoribo- 
syltransferase (Eco-gpt) gene which is expressed from 
the SV40 early promoter. Eco-gpt is a dominant selec- 
table marker that allows cells expressing this gene to 
grow in the presence of mycophenolic acid (MPA) 
(Mulligan and Berg, 1981). 

. Cells stably transformed with pMSG-DBP (gmDBPl - 
5) were previously constructed and characterized 
(Klessig etal, 1 984a). The level of expression of DBP in 
these lines was sufficient to complement conditional 
lethal DBP ts mutants (Klessig et ai, 1 984a) and nonvi- 
able DBP deletion mutants (Rice and Klessig, 1 985) for 
virus growth. However, the nonviable DBP mutants 
were unable to form plaques on these gmDBP cell 
lines. Insufficient levels of DBP were thought to be re- 
sponsible for this inability to form plaques. 

To increase the level of DBP expression the SV40 
enhancer was cloned into pMSG-DBP at a unique C/al 
site in the MMTV promoter (see Materials and Meth- 
ods for details). The resulting plasmid, pMSG-DBP-EN, 
depicted in Fig. 1 was used to construct new DBP-ex- 
pressing cell lines. HeLa cells were transfected with 
0.4-5 ftg of EcoRI-linearized pMSG-DBP-EN, and 
transformed cells were selected for growth in the pres- 
ence of MPA. The colonies remaining after 3-4 weeks 
of growth on selection were clonally isolated and pas- 
saged to insure that they were stable with respect to 
gpt expression. Thirty-seven gpt + cell lines were estab- 
lished from these independent gpt + colonies. 

Screening clones for DBP expression 

The 37 gpt + lines were analyzed for their ability to 
produce DBP. Expression of DBP required that the line 
was cotransfonmed with adenoviral sequences and 
that the DBP gene was active. Immunoblot analysis 
(summarized in Table 1) showed that 84% of the 37 _ 
gpt + cell lines accumulated DBP. Transfections with 
pMSG-DBP. the construct without the SV40 enhancer, 
resulted in only 8.6% of the gpt + cell lines coexpress- 
ing the DBP gene (Klessig et al, 1984a). Therefore, 
transfection with pMSG-DBP-EN increased the effi- 
ciency of cotransformation and expression of the DBP 
gene by nearly 10-fold over that obtained with 
pMSG-DBP. 

Thirteen of the 31 cell lines expressed DBP equal to 
or above the level produced in gmDBP2, the best DBP- 
expressing cell line previously constructed (data not 
shown). Eight of these 13 grew well both on and off 
selection, while 3 grew well only off selection. Two cell 
lines grew poorly both on or off selection, and one of 
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Fig. 1 . Schematic representation of the pMSG-DBP-EN transformation vector. Pertinent sequences and restriction enzyme sites are denoted. 



Screening of DBP expressing cell lines for plaque 
formation of H5cH802 

The remaining 1 2 cell lines which accumulated high 
levels of DBP and formed adequate monolayers were 
further characterized for their ability to support plaque 
formation of wt and mutant viruses that carried dele- 
tions of the DBP gene. When the cell lines were grown 
on selection, i.e., in the presence of MPA, all failed to 
plaque wt virus. However, when the lines were taken 
off selection and passaged for greater than 1 0 genera- 
tions several different phenotypes were obtained (Ta- 
ble 2). Two (22a1 and 22c1) of the 12 failed to plaqjue 
wt virus off selection and 2 (32h 1 and 32h2) plaqued wt 
virus only inefficiently. The remaining 8 cell lines sup- 
ported plaque formation by wt virus as well as HeLa 
monolayers. In fact, 4 (2 1 f 1 , 22h 1 , 22h2 f and 22h 1 2) of 
the 8 cell lines allowed wt Ad5 to form more distinct 
plaques which started about 12-24 hr earlier than 
those formed on HeLa monolayers. But more impor- 
tantly these 8 cell lines supported plaque formation of 
H5dl802 (Table 2), a nonviable deletion mutant that 
expresses no detectable DBP or fragment of DBP {Rice 
and Klessig, 1985). Four (21f1 = gmDBP6. 22d1 = 
gmDBP7 t 32f 1 = gmDBP8 t and 32h2 = gmDBP9) of 
the 8 allowed H5dl802 to form plaques to within two- 
fold the level seen on HeLa monolayers coinfected 
with H5dl802.and the helper virus H5dl434 (E1 dele- 
tion virus, from mu 2.6-8.7) (Klessig et a/., 1 982). 



The level of DBP accumulation for these four cell 
lines was determined to see if the ability to plaque 
H5dl802 correlated with significantly increased levels 
of DBP expression (Fig. 2). The level of accumulation of 
DBP was compared to that in gmDBP2 as a control. 
The gmDBP9 cell line significantly overexpressed DBP 
in comparison with gmDBP2. This line also produced a 
much f$gher level of DBP even in the absence of DM 
induction. The gmDBP6 and gmDBP8 cell lines ex- 
pressed one- to fourfold enhanced levels of DBP as 
compared to gmDBP2..ln contrast to these overex- 
pressors, the gmDBP7 cell line accumulated less DBP 
than that of gmDBP2. This analysis suggests that the 
level of DBP accumulation was not the only factor de- 
termining the ability of these lines to support plaque 
formation by the nonviable DBP deletion mutants. 

Characterization of gmDBP6 

Because of the superior plaquing ability of gmDBP6, 
it was characterized in detail to determine the number 
and arrangement of the integrated pMSG-DBP-EN. 
Analysis of total cellular DNA from gmDBP6 by South- 
em blotting showed only a single band from EcoRI di- 
gestions (data not shown). The intensity of this band 
compared with reconstructions using DNA from un- 
transformed cells mixed with varying amounts of 
pMSG-DBP-EN indicated that the adenoviral se- 
quences were present in approximately one copy per 
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TABLE 1 






Ability of gpt* Cell Lines to Express DBP 


Cell line* 


DBP expression 6 


Cell line 


DBP expression 
— 


21a1 


+ 


31et 


+ 


21 1 


+ 


31e2 


+ 


2le2 


- 


21f1 


+ 


2lfl 


+ 


31g1 


+ 


21f2 




31 g2 


+ 


21f3 


+ 


31hl 




22a1 


+ 


32e1 


+ 


22c 1 


+ 


32fl 


+ 


22d1 


+ 


32f2 




22e1 


+ 


32f3 


- 


22g1 


+ 


32g2 




22g2 


- 


32h1 


+ 


22h1 


+ 


32h2 


+ 


22h2 


+ 


4g1 




31a1 


+ 


4h1 


+ 


31b1 


+ 


4h12 


+ 


31cl 


+ 


5c1 




31d1 




5d1 








5d2 


+ 



co t- co oa 

d, Ph ^ &4 

W w « 55 59 



* Cells were grown in the presence of mycophenoiic acid to main- 
tain selection. * 

* Established monolayers were treated with DM for 24 hours, and 
the expression of the DBP gene detected by immunoblotting/' 



cell. Analysis of the ClaVKpnl digestion products 
showed that the adenoviral and Eco-gpt genes were 
intact and sequences were maintained in the same ar- 
rangement as in the plasmid (data not shown). There- 



TABLE2 

Ability of gmDBP Cell Lines to Support Plaque Formation 

Virus yield (PFU/ml) 



Cell line 


Ad5 (X10 9 ) 


H5dl802 (X10*) 


HeLa 


3.9 


DNP* 


HeLa + H5dl434 




1.5 


18p = gmDBP2 


4.1 


DNP 


22a 1 


DNP 


DNP 


22c1 


DNP 


DNP 


22h2 


3.8 


DNP 


4h12 


1.7 


DNP 


22h1 


4.1 


0.1 


22h12 


3.6 


0.2 


32h1 


0.6 


0.2 


4h1 


2.7 


0.3 


2H1 =gmD8P6 


3.8 


3.2 


22d1 = gmDBP7 


2.4 


1.6 


32f1 « gmDBP8 


2.3 


2.0 


32h2 = gmDBP9 


0.7 


0.9 




r DNP. did not allow plaque formation. 



Fig. 2. Accumulation of DBP in the gmDBP cell lines which al- 
lowed DBP deletion viruses to form plaques. The amount of DBP 
was determined from confluent monolayers of each cell line grown in 
the absence of gpt + selection and assayed after 24 hr of dexametha- 
sone induction. DBP was immunoprecipitated with polyclonal anti- 
DBP from equal volumes of cell extracts, fractionated by SDS-PAGE 
(1 0% poJyacrylamide get), transferred to nitrocellulose and subjected 
to immunoblotting using polyclonal anti-DBP. The amount of DBP 
produced in gmDBP2 cells treated under similar conditions was 
used as a control. 



fore, the arrangement and copy number of the inserted 
gene in the gmDBP6 cell line is similar to that found in 
the well characterized DBP-expressing cell line, 
gmDBP2. 

The amount of DBP produced in gmDBP6 at various 
times after induction with DM was compared to the 
amount produced in the gmDBP2 cell line. The level of 
DBP synthesis in a 1-hr pulse labeling with [^S]- 
methionine at 0, 8, or 24 hr postinduction with DM was 
similar in gmDBP6 and gmDBP2 (data not shown). In 
both cell lines a minimal amount of synthesis was de- 
tected at 0 hr postinduction. The synthesis level was 
highest at 8 hr postinduction (approximately a 50- to 
. 1 00-fold increase above that at 0 hr) and was only two- 
fold reduced from this peak level at 24 hr postinduc- 
tion. The level of DBP synthesis at 8 hr post DM induc- 
tion was equal to approximately 20% of that seen at 
the peak of DBP synthesis (24 hr p.i.) in adenoviral-in- 
fected cells. 

Accumulation of DBP was followed in both gmDBP6 
and gmDBP2 before and after induction with DM (Fig. 
3). Even though the level of DBP synthesis was similar 
in the two cell lines, the level of DBP accumulation was 
two- to fourfold higher in gmDBP6 than in gmDBP2 
after 24 hr of DM induction. A higher level of DBP ac- 
cumulation was also seen in the absence of induction 
in gmDBP6. Since the level of synthesis in the two cell 
lines was comparable even in uninduced cells, the in- 
crease in accumulation of DBP must be due to in- 
creased stability of the protein in gmDBP6. The level of 
DBP accumulated 8 hr post DM induction in gmDBP6 
and 24 hr postinduction in gmDBP2 was similar to the 
level of DBP that accumulated in Ad2-infected HeLa 
cells at 16 hr postinfection. 
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FrG. 3. The kinetics of accumulation of DBP in gmDBP6 was com- 
pared to gmDBP2 before and after induction with DM. Cells were 
grown off gpt* setection and treated with 3 X 10" 7 M DM for the 
indicated time in hours. Equal amounts of total cell tysate were tm- 
munoprecipitated with polyclonal anti-DBP. fractionated by SDS- 
PAGE (1096 pofyacrylamide gel), transferred to nitrocellulose, and 
subjected to immunoblotting using polyclonal anti-DBP. The amount 
of DBP that accumulated 16 hr p.i. in Ad2-infected HeLa cells 
treated in a similar manner was used as a control. 



Construction of mutant virus 

To determine the utility of gmDBP6 for construction, 
as well as for propagation, of lethal DBP mutant vi- 
ruses, we attempted to introduce a previously defined 
lethal mutation of DBP into the adenoviral genome and 
propagate it. Lethality of a DBP mutation was defined 
as the inability of the mutation to be constructed into 
virus using either 293 or HeLa cell lines. The mutation 
chosen, which had previously been found to be lethal 
(Vos et a/., 1 989), contained a C/al linker insertion in the 
stop codon {Oral site) of the DBP gene. This insertion 
changes the reading frame at the stop codon resulting 
in the addition of 22 amino acids to the C-t of DBP. 

Our method of virus construction relies on a single in 
vivo recombination within the overlapping regions be- 
tween the left and right fragments of the genome 
(Morin et al, 1 989; Vos ef aL, 1 989). The left fragment 
of the genome (mu 0-59.5) is provided from BamH\- 
and fcoRI-digested Ad5 DNA-terminal protein com- 
plex. The right genome fragment (45.9-100) which 
contains the mutated DBP gene is provided from a 
plasmid construct, such as pdel XE (pUC plasmid that 
contains adenoviral sequences from mu 46-100, and 
a deletion from Xho\ to £coRI, mu 83-84). Both frag- 
ments are introduced into the cell by transfection, and 
a mutant DBP virus is generated by the high frequency 
of adenoviral recombination. 

The efficiency of transfecting intact adenoviral 
DNA-terminal protein complex varied dependent on 
the cell line t'ransfected (Table 3). Using a modified cal- 



cium phosphate transfection technique (Rice and Kles- 
sig, 1 985) 293 cells yielded approximately 1 0 8 PFU per 
^g of transfected Ad5 DNA-protein complex, while 
gmDBP2 gave only 6 x 1 0 3 PFU per ^g. The latter level 
was comparable to that found in transfections of HeLa 
cells (data not shown). However, the gmDBP6 cell line 
was at least 1 0 4 - 1 0 5 -fold lower in transferability than 
either the parental HeLa line or gmDBP2. Because of 
this low level of transferability, gmDBP6 could not be 
used for this stage of virus construction. The reason for 
differences in transferability among DBP-expressing 
cell lines is not known. 

Construction of virus was attempted utilizing 293 or 
gmDBP2 for transfection and HeLa or gmDBP6 for 
plaque isolation (Table 3). Construction of wt virus us- 
ing the pdeIXE vector, which contained a wt DBP gene, 
occurred at a frequency of 2 X 1 0 5 PFU per §ig of re- 
striction-enzyme-digested Ad5 DNA-terminal protein 
complex in 293 cells and at a 1 0 3 -fold lower frequency 
on gmDBP2. This difference can readily be accounted 
for by the difference in transferability of 293 versus 
gmDBP2. 

The Dra\ insertion mutation could not be con- 
structed by transfections of 293 cells (Table 3). This 
result confirms the Vos ef a/. (1989) earlier report 
showing that this mutation is lethal. However, trans- 
fections of gmDBP2 followed by plaque formation on 
gmDBP6 showed that formation of mutant virus was 
only fourfold lower than that for wt virus. Several of the 
resulting plaques were isolated and grown to produce 
virus, stocks. Restriction enzyme analysis of Hirt DNA 
from these viral isolates revealed that all of the isolates 
con^jhed a C/al insertion at the appropriate location in 
the DBP gene. The resulting mutant virus was named 
H5in804. Therefore, by utilizing two gmDBP cell lines, 
gmDBP2 for transfection and gmDBP6 for plaque iso- 
lation, nonviable DBP mutant viruses can be efficiently 
constructed. 

H5in804 characterization 

The lethality of the Dra\ insertion mutation was es- 
tablished by determining the growth and plaquing effi- 
ciency of H5in804 on HeLa versus gmDBP6 cells. Al- 
though the H5in804 mutation was not completely 
lethal, it greatly diminished the virus's ability to repli- 
cate and form plaques on HeLa cells (Table 4). Growth 
was partially complemented on gmDBP6 cells, and 
these cells supported H5in804 plaque formation 60- 
fold better than HeLa cells. The kinetics of H5in804 
and wt Ad5 growth on HeLa cells are compared in Fig. 
4. The start of virus production in H5in804-infected 
cells was delayed. By 24 hr p.i. wt Ad5 had produced 
nearly 1 0 3 PFU per cell but H5in804 was not yet out of 
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TABLE 3 

Virus Construction 



293 a gmDBP2* gmDBP6* 



Transfection condition 


HeLa* 


gmDBPS* 


HeLa 


gmDBP6 


HeLa 


gmDBP6 


1 /ig Ad5 DNA complex 


1.2X to 80 


1.4 X 10 8 


6X 10 3 


6X 10 3 . 


0 


0 


1 m9 digested complex (DC) 


0 


0 


0 


0 


0 


0 


10 ftg digested vector 


0 


0 


0 


0 


0 


0 


DC + wt vector 


2X 10 s 


2 X 10 5 


3X 10* 


4X 10* 


0 


0 


DC + Oral insertion vector 


0 


0 


0 


t X 10 2 


0 


0 



* Transfections were performed on the above three cell lines. 

t> Three days post transfection monolayers were harvested and the level of virus produced from each condition quantitated by plaque 
formation on HeLa and gmDBP6 ced monolayers. 
c Amount of virus represents the total produced from one 60 mm dish of (approximately 3.5 X 10 6 ) transfected cells. 



eclipse. By 36 hr p.i. wt Ad5 virus production had 
plateaued at 3 X 10 3 PFU per cell while virus produc- 
tion was just starting in H5in804 infections. The pro- 
duction of H5in804 continued to increase until 72 hr 
p.i., when it reached a plateau 36-fold lower than that 
of wt Ad5. 

The reduction in virus production correlated^ith a 
reduction in viral DNA accumulation (Fig. 5A) an#syn- 
thesis (Fig. 5B). The difference between H5in804 and 
wt Ad5 viral DNA accumulation and synthesis was 
most dramatic at early times. For example, at 20 hr p.i. 
DNA accumulation and synthesis of H5in804 was 50- 
to 100-fo!d reduced compared to that of Ad 5. Peak 
DNA synthesis occurred at approximately 30 hr p.i. for 
Ad5 but had not yet been reached by 60 hr p.i. for 
H5in804. After 60 hr p.i. the level of DNA synthesis 
was difficult to quantitate for both Ad5 and H5in804 
due to significant cytopathic effects, but the level of 
H5in804 DNA synthesis appeared to continue to in- 

TABLE 4 

Growth and Plaguing Efficiency of H5in804 



ON gmDBP6 and HeLa Cells 





Virus production 






(PFU/cell)* 


Plaquing efficiency 6 






Virus 


gmOBP6 HeLa 


gmDBP6/Hel_a 


Ad5 


3000 2000 


1.7 


H5in804 


280 29 


60.0 



* Virus yield was determined by infecting the cell lines with a moi of 
10 and analyzing the amount of infectious virus produced at 72 hpi 
by titering on gmD8P6. 

6 Plaquing efficiency is the ratio of the number of plaques pro- 
duced on gmDBP6 versus the number produced on HeLa cells. The 
values represent the average of titering 5 different viral stocks of 
ach virus. 



crease. At their respective times for maximum DNA 
replication, H5in804 was approximately 12-fold lower 
than Ad5. 

DBP is one of three viral proteins required for viral 
DNA synthesis and is required in stoichiometric 
amounts. A reduced amount of DBP is therefore likely 
to reduce DNA replication. Therefore, the synthesis 
and accumulation of H5in804 DBP was determined. 
Synthesis (Fig. 6A) and accumulation (data not shown) 
of H5in804 DBP was similar to wt Ad5 under condi- 
tions where the DNA template was held constant by 
inhibiting DNA replication with hydroxyurea. The mobil- 
ity difference observed in Fig. 6A for H5in804 corre- 
sponds to the expected increase in molecular weight 
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Fig. 4. Kinetics of H5in804 and wt MS virus production in HeLa 
cells. Infected cells were harvested at the various times described 
and the amount of virus determined by titration of the cell lysates on 
gmDBP6 monolayers. 
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Fig. 5. Viral DNA replication in H5in804- and Ad5-infected HeLa cells. Hie kinetics of viral DNA accumulation (A) and synthesis (B) were 
compared by harvesting low-molecular-weight DNA from infected cells at the indicated time postinfection and digesting with EcoRI an equal 
fraction of each DNA preparation before electrophoresis on a 0.8% agarose gel. DNA accumulation was determined by staining the gel with 
ethidium bromide and visualizing. To determine the amount of DNA synthesis, monolayers were labeled for 1 hr prior to harvesting with 
pHjthymidine. The labeled, digested DNAs were transferred to nitrocellulose and detected by flourography. The level of DNA synthesis was 
quantitated by densitometry, and the results were represented graphically as the percentage of peak wt Ad 5 synthesis. 



by the addition of 22 additional amino acids. In the 
absence of DNA replication inhibitors the level of 
H5in804 DBP was reduced compared to that of Ad5 
DBP as expected. Equivalent synthesis and accumula- 



A B 




Fig. 6. Synthesis and stability of H5in804 DBP. (A) HeLa ceils were 
infected with Ad5 and H5in804 in the presence of hydroxyurea and 
at 20 hr postinfection labeled with p 5 S]methionine for 1 hr. DBP was 
immunopreciprtated, fractionated by SDS-PAGE (109b poryacryl- 
amide gel), and autoradiographed. (B) The stability of DBP was de- 
termined by immunopreciprtating equal fractions of infected cell ry- 
sates after a 5-min f^SJmethionine pulse labeling at 20 hr postinfec- 
tion in the absence of hydroxyurea, followed by a chase period as 
indicated with 2000-fold molar excess of unlabeled methionine. Five- 
fold more cell rysate was immunoprecipitated in H5in804-infected 
cell rysates to partially compensate for the reduction in H5in804 DBP 
synthesis when template levels were not kept constant by addition of 
hydroxyurea. 



tion of H5in804 DBP, in the presence of DNA replica- 
tion inhibitors, suggested that the stability of the mu- 
tant protein was not affected by the mutation. This was 
confirmed by pulse-chase analysis which showed that 
H5in804 DBP was as stable as wt Ad5 DBP (Fig. 6B). 

DBP is a nuclear protein which requires two nuclear 
localization sequences for efficient nuclear targeting 
<M§rin et aL, 1989). Although the H5in804 DBP was 
nuclear; in contrast to wt DBP it did not form large 
globular nuclear structures (data not shown). The 
H5in804.protein remained in a diffuse nuclear staining 
pattern and in small punctate structures. This is con- 
sistent with an alteration in the level of viral DNA syn- 
thesis since Voelkerding and Klessig (1986) have 
shown that when viral DNA replication is inhibited by 
drug treatment or with a temperature-sensitive muta- 
tion in the viral-encoded DNA polymerase, wt DBP ex- 
hibits a similar diffuse and small punctate pattern of 
staining. Therefore, the deficit in H5in804 viral DNA 
synthesis was not due to an alteration in level of the 
H5in804 DBP or to the inability of the mutant protein to 
reach the nucleus of the infected cell. 

Equivalent levels of DBP synthesis in the absence of 
viral DNA replication suggested that the steady-state 
levels of H5in804 and Ad5 E2A (DBP) mRNA were simi- 
lar. This was confirmed by Northern blot analysis (data 
not shown). This mRNA analysis also showed that ex- 
pression of several other early regions (E1 A # E1 B t and 
E4) was also normal in H5in804-infected cells (data not 
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Fig. 7. Single-stranded DNA binding ability of H5in804 DBP. In- 
fected cell extracts were ammonium sulfate precipitated (Cleghon 
and Klessig, 1986) to enrich for DBP in the extracts. Extracts con- 
taining approximately 1 of DBP were bound to ssDNA cellulose in 
buffer AB plus 100 mM NaCI and eluted with increasing NaCI con- 
centrations. Equal amounts of each fraction were separated by 
SDS-PAGE (10% polyacrylamide gel), transferred to nitrocellulose, 
and immunoblotted for DBP. 



shown). These results suggest that the reduction in 
DNA synthesis in H5in804 is not due to an alteration in 
the expression of other viral early genes and that the 
mutation in H5in804 does not affect DBP's complex 
role in early gene expression. 

Binding to ssDNA is essential for DBP to perform its 
roles in DNA replication. To test H5in804 DBP's ability 
to bind to ssDNA the protein was bound to ssDNA 
cellulose and eluted with increasing NaCI concentra- 
tions (Fig. 7). Approximately 90-100% of wt Ad5 DBP 
bound to ssDNA cellulose at 1 00 mW NaCI and eluted 
between 250 and 650 n\M NaCI, with a peak of elution 
at 500 xwM NaCI. In contrast, only 60% of the H5in804 
DBP bound to ssDNA cellulose at 1 00 mM NaCI. More- 
over, the bound H5in804 DBP eluted between 1 50 and 
350 vc\M NaCI. A similar binding and elution pattern 
was seen if the H5in804 protein was first bound at 20 
rr\M NaCI (data not shown). Thus, the H5in804 DBP is 
altered in its ability to interact with ssDNA. This differ- 
ence in binding probably accounts for the virus's al- 
tered level of DNA synthesis. 

DISCUSSION 

Transformation of HeLa cells with pMSG-DBP-EN 
yielded 37 independent gpt + transformants, 31 of 
which expressed DBP after dexamethasone induction. 
The percentage of gpt + cell lines which inducibly ex- 
pressed DBP was 1 0-fold higher in this transformation 
than when cells were transformed with pMSG-DBP 
(Klessig et al. t 1 984a). This dramatic increase was due 
to at least two factors. The first was an increase in the 



frequency of integration into the host genome of an 
intact copy of the DBP gene. Previously with pMSG- 
DBP only 21% of the gpt + cell lines contained intact 
copies of the DBP gene (Klessig etaL, 1 984a), whereas 
with pMSG-DBP-EN a minimum of 84% of the gpt + cell 
lines contained the intact DBP gene. Second, the pres- 
ence of the enhancer facilitated expression of DBP. 
With the enhancerless vector only 42% of those lines 
which contained an intact DBP gene were able to ex- 
press it (Klessig et aL, 1 984a), while with the enhancer 
at least 84% (and perhaps all) of the cells containing 
the intact gene expressed it. 

The new gmDBP lines were constructed in order to 
increase the amount of DBP expression with the ex- 
pectation that this would allow plaque formation by 
nonviable DBP deletion mutants. When these new 
DBP-expressing cell lines were compared to the well- 
characterized gmDBP2 for accumulation of DBP, 1 2 of 
the 31 new gmDBP cell lines accumulated DBP at or 
above the levels seen in gmDBP2 and formed ade- 
quate monolayers. These 1 2 were screened for their 
ability to support virus plaque formation. Interestingly, 
none of the lines when grown on gpt + selection sup- 
ported either mutant or Ad5 plaque formation even 
though they sustain growth of DBP mutants. Why the 
selection conditions disrupted the monolayer's ability 
to support adenovirus plaque formation is unclear. In 
the absence of gpt + selection, two-thirds (eight) al- 
lowed plaque formation by wt Ad5 and halt of these 
(four) efficiently formed plaques with the nonviable 
H5dl802 deletion mutant. Except for line 22h2, there 
was no significant morphology difference between the 
two classes of cell monolayers (all cells were similar to 
the parental HeLa cells), nor did the higher levels of 
DBP expression always correlate with the ability to al- 
low plaque formation. Moreover, while one of the 
H5dl802-plaquing lines (gmDBP6) allowed wt Ad5 to 
/orm plaques that appeared earlier and were more dis- 
tinct, the other supporting lines showed no differences - 
from HeLa for wt Ad5 plaque formation. Thus the suc- 
cess in obtaining lines that support plaque formation 
by DBP-nonviable mutants was probably due to the 
increased efficiency of producing lines that expressed 
the integrated DBP gene at moderately high levels. 
This large number of DBP-expressing lines facilitated 
the search for those which supported plaque forma- 
tion. It appears that plaque formation depends not only 
on DBP levels but on an as yet undefined factor. 

The true test of their utility was the use of these new 
gmDBP lines in construction of lethal DBP mutant vi- 
ruses. Because of its plaquing properties gmDBP6 
was chosen for this test. Unfortunately, we found that 
gmDBP6 is rather refractory to DNA transfection, thus 
it could not be used for the initial transfection step. 
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gmDBP8 also transfected poorly, suggesting that this 
property may be a general feature of these new lines. 
Nevertheless, using a combination of gmDBP2 (for 
transfection) and gmDBP6 (for plaquing) a new lethal 
DBP mutant (H5in804) was constructed. The efficiency 
of its construction was only slightly lower (three- to 
fourfold) than reconstruction of a wt virus. However, 
although gmDBP6 allowed for efficient plaque forma- 
tion by H5in804 (60X higher than that allowed by 
HeLa), the mutants growth in this line was only partially 
complemented (Table 4). gmDBP6 accumulates 20<X> 
of the peak level of DBP seen in Ad5-infected cells. The 
lack of full complementation may be due to this lower 
level of DBP accumulation and/or improper timing (or 
levels) of DBP expression relative to other viral genes 
during the infectious cycle. Another possibility is that 
the mutant DBP may interfere with normal wt DBP 
function by interacting with the gmDBP cell line en- 
coded wt protein or with other factors that the wt pro- 
tein normally interacts. 

Characterization of H5in804 revealed that the re- 
duction in virus production resulted from an alteration 
in the virus's ability to replicate DNA. This decrease in 
DNA synthesis does not appear to be due to an alter- 
ation in level or nuclear location of the H5in804 DBP in 
infected HeLa cells. Furthermore, analysis of early 
mRNA suggested that the H5in804 phenotype was not 
due to changes in the expression of other viral early 
genes. However, analysis of the mutant DBP in vitro 
showed that its binding affinity for ssDNA was re- 
duced. Since binding to ssDNA is essential for DBP to 
function in DNA replication, this difference most likely 
accounts for the reduction in DNA synthesis and 
hence the debilitation of the virus. 

The C-t domain of DBP is responsible for ssDNA 
binding. Mutations in this domain affect its binding and 
proteolytic fragments containing most or all of this do- 
main retain binding activity. Thus, perhaps it is not sur- 
prising that the H5in804 mutation alters ssDNA bind- 
ing. However, the mutation does not directly alter or 
delete any amino acids contained within this domain 
but only extends the polypeptide 22 amino acids. While 
this most likely would impact the very C-t segment of 
the polypeptide, this effect should be minimal since a 
proteolytic fragment in which the last 60 amino acids 
are removed retain binding activity (Cleghon and Kles- 
sig t 1.992). Therefore, this extension mutation most 
probably sterically interferes directly with the protein's 
ability to interact with ssDNA or may alter the folding 
(and hence the conformation) of the protein. 
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ABSTRACT Cell lines that produce viral gene products and 
that can support the growth of viral mutants lacking those prod- 
ucts have been valuable in the genetic analysis of the transforming 
regions of several animal viruses. To extend the advantages of 
such complementing cell systems to regions of the adenoviral ge- 
nome not directly involved in transformation, we have con- 
structed a cell line that will support the growth of a defective ad- 
enoviral deletion mutant, H2<ttS0S, that lacks most of early region 
4 (E4). The right-hand terminal adenovirus 5 EcoRI restriction 
fragment, which contains all of E4, was first inserted into the vec- 
tor pSV2gpt, and the recombinant plasmid was introduced into 
Vero cells by calcium phosphate precipitation. Clones containing 
the hybrid plasmid were selected by their resistance to myco- 
phenolic acid. Five mycophenolic acid-resistant clones were then 
tested for the ability to support the growth of H2JJS08. One of the 
five lines, W162, permits plaque formation by H2<#808 at an ef- 
ficiency that is >10 6 -fold higher than that of the parental Vero 
cells and allows the production of high-fa'ter, helper-free H2dJS0S 
stocks. Thus, W162 cells are permissive for at least one defective 
E4 mutant. The line carries, as expected, an intact E4, detected 
by hybridization. Using an H2<#8Q8 lysate produced on W162 cells, 
we have accurately mapped the 808 deletion. It extends from be- 
tween Bel I and Sma I sites at positions 91 .4 and 92.0, respectively, 
to just beyond a HmdIII site at position 97.2 and, therefore, falls 
entirely within E4. HZdlSOS and W162 should be of value in de- 
termining the physiological role of E4 in adenoviral infection. 



Studies that probe the functions of viral genes are frequently 
dependent upon the availability of viral mutants. Most of the 
mutants that have proved useful in studying viral gene function 
are conditionally defective; in animal virus systems, the ma- 
jority of these are temperature sensitive (1, 2). An alternative 
approach to the isolation of conditionally lethal mutations ex- 
ploits the fact that some virally transformed cells will support 
the growth of mutants with defects in transforming regions. For 
example, polyoma virus- transformed mouse cells support the 
growth of hr~t mutants which carry lesions in the polyoma early 
region (3); COS cells, a line of simian virus 40 (SV40)-trans- 
formed monkey cells, support the growth of SV40 early region 
mutants (4); and 293 cells, a line of human cells transformed by 
sheared adenoviral DNA (5), support the growth of mutants of 
adenoviral early region 1 (6-8). In each of these cases, mutant 
viruses can be propagated efficiently on the transformed cell 
line, and their phenotypes subsequently can be analyzed in 
normal, nonpermissive cell types. The value of a comple- 
menting cell line in the isolation and propagation of viral mu- 
tants is probably best illustrated by the last example; the ex- 
amination of a wide variety of mutants of adenoviral early region 
1 (El) has provided a detailed picture of the functions of that 
region (6-13). 
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In the examples cited above, the expression of integrated 
viral DNA is presumably responsible both for the cells' trans- 
formed phenotype and for their ability to complement the de- 
fective mutants. However, many segments of viral DNA do not 
transform cells, and there is no direct selection for cells that 
contain such DNA and that might support the growth of mu- 
tants in those regions of a viral genome. In an effort to extend 
the complementing cell approach to segments of viral DNA that 
do not transform cells and to make possible the analysis of mu- 
tants of adenoviral early region 4 (E4), we have used the Esch- 
erichia colt gpf-based selective system of Mulligan and Berg 
(14, 15) to introduce E4 DNA into cells that are permissive for 
human adenoviruses. E4 lies at the right end of the adenoviral 
genome, and although it is required for viral growth (see be- 
low), its role in the viral life cycle is not known. E4 is genet- 
ically ill-characterized, and so a cell line that would comple- 
ment E4 mutants and simplify their isolation and analysis would 
be useful. One of the lines that we have obtained supports the 
growth of a defective adenoviral mutant, H2dZ808 (16), which 
lacks most of E4. This paper describes the isolation of this line, 
its partial characterization, and the accurate mapping of the 808 . 
deletion. 

MATERIALS AND METHODS 
Cells and Viruses. Vero cells were obtained from A. M. Lewis 
and 293 cells from F. Graham. Vero cells were grown in mono- 
layers in Eagle's minimal essential medium containing 10% calf 
serum (medium A), and 293 cells were grown in Eagle's min- 
imal essential medium containing 10% fetal calf serum (me- 
dium B). Mycophenolic acid-resistant Vero cell derivatives were 
grown in Dulbecco's modified Eagle's medium supplemented 
with 10% calf serum and selective drugs as described below. 

Wild- type adenovirus type 2 (Ad2) was originally from A. 
Lewis. H2dZ808 is an Ad2 deletion mutant lacking the viral DNA 
between about positions 92 and 97. 1 on the standard map; its 
isolation was described by Challberg and Ketner (16), 

Transformation and Mycophenolic Acid Selection. Deriv- 
atives of the pSV2gpr plasmid of Mulligan and Berg (14, 15) 
containing adenoviral DNA (see Results) were introduced into 
Vero cells by the calcium phosphate precipitation technique 
(17, 18). About 5 x 10 5 cells were plated in a 9-cm Petri dish 
on the day before they were to be transformed; 15-24 hr later, 
the medium was removed from the dishes, and 0.5 ml of a sus- 
pension of precipitated DNA (12.5 tig of plasmid DNA per 0.5- 
ml aliquot) was added to each dish. After 20 min at room tem- 
perature, the plates were filled with 9 ml of medium A and 
transferred to a 37°C incubator. Four hours later this medium 
was replaced with selective medium: Dulbecco's modified Ea- 
gle's medium containing calf serum (10%), mycophenolic acid 
(25 /xg/ml), xanthine (250 //.g/ml), hypoxanthine (15 /Ltg/ml), 



Abbreviations: Ad2 t adenovirus type 2; Ad5, adenovirus type 5; El and 
E2» early regions 1 and 2 of adenoviral genome; SV40, simian virus 40. 
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amethopterin (2 }ig/m\) 7 and thymidine (10 fMg/m\) (16). My- 
cophenolic acid was the generous gift of the Eli Lilly Research 
Laboratories. Mycophenolic acid-resistant colonies first be- 
came visible 7-9 days later and were picked after 14-20 days 
by using cloning cylinders cut from plastic Eppendorf centri- 
fuge tubes. The transform ants were grown up and are main- 
tained in the selective medium. It is at present unclear whether 
continued selection is necessary if W162 cells are to retain their 
biological activity over long periods, although a brief period 
without selection does not affect complementing ability (see 
below). 

Preparation of VV162 Monolayers for Plaque Assays. To 
conserve mycophenolic acid, plaque assays on W162 monolay- 
ers were performed in the absence of selective drugs. When 
suddenly withdrawn from selective medium, however, W162 
cells grew very poorly. This difficulty could be avoided by a 
single passage through Eagle's minimal essential medium con- 
taining hypoxanthine, xanthine, and thymidine without ameth- 
opterin and MPA (medium C). Therefore, W162 cells to be used 
for plaque assays were transferred first into medium C and, after 
2 to 3 days, into 5-cm dishes containing Eagle s minimal es- 
sential medium. The resulting monolayers could be used with- 
out further special treatment. 

Southern Transfers and Hybridization. Cellular DNAs, di- 
gested with the restriction endonucleases EcoRI or Hindi 1 1, 
were fractionated on 3-mm thick vertical slab gels and trans- 
ferred to nitrocellulose filter sheets by the Southern procedure 
(19). Restriction fragments containing adenovirus type 5 (Ad5) 
sequences were detected by hybridization (20, 21) to adenoviral 
DNA labeled with ^P by nick-translation (22) and subsequent 
autoradiography. 

RESULTS 

Construction of Cell Lines. The initial goal of these exper- 
iments was to introduce adenoviral early region 4 (E4) into a 
cell line permissive for human adenoviruses. To do so, we used 
the gpf-based selective system developed by Mulligan and Berg 
(14, 15). This system permits the selection of cells that take up 
one of a series of plasmid vectors containing the E. colt gpt gene 
linked to SV40 sequences that allow its expression in animal 
cells. The basis of the selection is the novel ability of such cells 
to utilize exogenous xanthine as a source of CM P, when de novo 
GMP synthesis is blocked by the drug mycophenolic acid: gpt- 
containing cells are resistant to mycophenolic acid in the pres- 
ence of xanthine, whereas normal cells are not. Mycophenolic 
acid resistance is dominant, and the recipient cells need not 
possess any special properties. We constructed two derivatives 
of one of the gpt vectors, pSV2gpf. These plasmids (pE4gptf> 
and pE4gpfl6) both contain the Ad5 EcoRI B fragment inserted 
at the vector s single EcoRI cleavage site but differ in the ori- 
entation of the viral DNA segment. Ad5 EcoRI B covers the 
region 84-100 on the viral genome and contains all of E4, the 
fiber gene, and part of early region 3. The Ad5 EcoRI B frag- 
ment that we used has been modified by the addition to its right 
end of a synthetic EcoRI site and was kindly provided by K. 
Berkner. pE4gptl6 is diagrammed in Fig. 1. 

Hie two E4-bearing plasmids were introduced into Vero cells 
by calcium phosphate precipitation, and mycophenolic acid-re- 
sistant dories were selected. On the average, two or three 
transform ants were obtained from each plate exposed to plas- 
mid DNA. A total of 13 clones were picked, 5 made with pE4gpf6 
and 8 made with pE4gp*16. Four clones produced with pE4gptl6 
(W162 through W165) and one clone produced with pE4gpf6 
(W6B) were selected for further examination. 

Assay for Complementing Activity. To determine whether 
any of the selected mycophenolic acid-resistant cell lines were 
capable of complementing an E4 defect, we tested each one for 



84.0 
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Fig. 1. Structure of pE4#p*16. pE4^p/16 consists of the Ad5 
EcoRI B fragment (positions 84-100) inserted at the single EcoRI site 
of pSV2gpt (14). On the map, adenoviral sequences are indicated by 
light stippling, SV40 sequences by heavy stippling, and E. coligpt se- 
quences by the solid bar. The coordinates indicated are from the adeno- 
virus physical map. Arrows indicate the direction of transcription and 
extent of adenoviral E4 and of the fiber gene (IV). 

the ability to support growth of the defective E4 deletion mu- 
tant H2dZ8Q8 (16). The 808 deletion covers sequences from about 
92 to about 97 map units on the Ad2 genome (see below) and, 
thus, is entirely within E4 (23, 24). A mixed stock containing 
both H2d/808 and its Ad5 ts helper, enriched for the deletion 
mutant by four cycles of CsCl equilibrium density gradient 
centrifugation, was titrated on each of the five mycophenolic 
acid-resistant lines listed above. The apparent titer of the stock 
on the five lines ranged from about 2 X 10 5 plaque-forming units/ 
ml (W162, W163, W165, and W6B), to about 3 X 10 4 plaque- 
forming units/ml (W164), Five plaques produced on each of 
the lines W162-W165 and 10 plaques produced on W6B were 
picked and used to produce small lysates in cells of the same 
line. These lysates were then used to prepare small amounts of 
^P-labeled viral DNA, which were digested either with EcoRI 
or Xba I and analyzed by agarose gel electrophoresis. Judged 
by the restriction fragments produced, all of the plaques formed 
on four of the lines (W163-W165 and W6B) contained H2d/808 
and its Ad5 helper, the helper alone, or Ad2/Ad5 recombinants 
lacking the 808 deletion. Therefore, none of these lines seems 
to support the growth of pure H2dIS0S. In contrast, three of 
the five plaques picked from lawns of W162 contained only 
H 2*tf808. No restriction fragments characteristic of the Ad5 
helper were observed in digests of DNA from these plaques, 
and the Ad2 fragments affected by the 808 deletion (EcoRI C 
and Xba I C), were entirely replaced by the expected novel 
fragments. The remaining plaques contained both H2<fZ808 and 
Ad5. An EcoRI digest of DNA from descendants of one of the 
mutant plaques, subsequently replaqued and grown up on W162, 
is presented in Fig. 2. 

Viral Growth on W162. To confirm that H2J&08 is defective 
on normally permissive cell lines and that it forms plaques ef- 
ficiently on W162, we titrated Ad2 and H2ci/808 stocks on W162 
and on the parental Vero strain. The H2etf808 stock used was 
produced in W162 cells from virus purified by three successive 
rounds of plaque formation on W162 monolayers. As shown in 
Table 1, H2d/808 formed plaques more than 10 6 -fold more ef- 
ficiendy on W162 cells than on Vero monolayers. We conclude 
that W162 complements a defect in H2fi/808 that renders the 
mutant defective. That lesion is presumably the 808 deletion; 
thus, it seems certain that W162 will complement at least some 
defective E4 mutants. 

Viral DNA in W162. Because we expected the comple- 
menting activity of W162 to be dependent upon the presence 
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Fig. 2. EcoRI digest of H2d/808 DNA. DNAs obtained from puri- 
fied H2d2808, Ad2, and Ad5 virions were digested with the EcoRI re- 
striction endonudease. The resulting fragments were fractionated by 
electrophoresis on a 1.4% agarose gel, stained, and photographed. In 
the digest of mutant DNA, the Ad2 C fragment is replaced by a short- 
ened derivative (C), which is slightly smaller than Ad2 EcoRI F. 

of viral E4 DNA, we assayed W162 for viral DNA sequences 
by the Southern transfer procedure (19). W162, Vero, and 293 
DNAs (10 fig each) were digested with either the HindUl or. 
EcoRI restriction endonucleases, fractionated on a 1% agarose 
gel, transferred to nitrocellulose, and hybridized to ^P-labeled 
Ad2 DNA. The Hindlll digest of W162 DNA contained three 
bands that hybridized to viral DNA (Fig. 3). One of these comi- 
grated.with AdS Hindlll F (89.5-98.2 map units), which con- 
tains most of E4. EcoRI digestion of W162 DNA produced one 
fragment containing viral sequences that had a slightly greater 
mobility than had Ad5 EcoRI B. Vero DNA contains no viral 
sequences, whereas 293 DNA digested with either enzyme 
yielded three fragments that hybridized with viral DNA. Be- 
cause the fragment observed in the EcoRI digest of W162 DNA 
did not comigrate precisely with the Ad5 EcoRI B marker, the 
pE4gp*16 DNA present in these cells must have, suffered some 
rearrangement during its incorporation.. However, both the 
phenotype of the line and the presence of the HindUl F frag- 
ment suggest that W162 carries an intact, functional E4. 

The 808 Deletion. The deletion in H2dl8G8 had previously 
been mapped by electron microscopy to coordinates 92.0-97.1 
(14). To refine these measurements, we assayed DNA obtained 
from plaque-purified H2d&08 virions for the presence of sev- 
eral restriction sites near the ends of the deletion. The.results 
of these mapping experiments (summarized also in Fig. 4) in- 
dicate that Sma I and HindUl cleavage sites at positions 92.0 
and 97.2 (25), respectively, are missing from H2JK08 DNA, 
while Bel I and Sma I sites at positions 91.4 and 98.4 (25), re- 
Table 1. Titration of Ad2 and H2df808 on W162 and Vero cells 



Ad2 



H24/808 



W162 
Vero 



4.0 x 10 7 
1.5 x 10 7 



7 x 10 7 
<1 x 10 1 * 



Ad2 and H2d/808 lysates were titrated on W162 and Vero cells. The 
titers of the two stocks on these cell lines appear above, expressed as 
plaque-forming units per ml. . 

*No plaques appeared on either of two dishes inoculated, with 1.0 ml 
of the H2d/808 stock diluted 1:10. 




FlG. 3. Adenoviral DNA sequences in W162. W162, Vero, and 293 
DNAs (10 jtg each) were digested with HindUl or with EcoRI, trans- 
ferred to nitrocellulose by the Southern procedure (19), and hybridized 
to 32 P-labeled Ad2 DNA. (A) HindUl digests. The eight largest Ad5 
HindUl fragments are indicated by letters. The arrowheads mark the 
positions of two of the bands that contain viral sequences in the lane 
containing W162 DNA; the third band lies next to HindUl F. IB) EcoRI 
digests. The three Ad5 EcoRI bands are labeled, and an arrowhead marks 
the position of the band containing viral sequences in the digest of W162 
DNA. The Ad5 standard contains viral DNA equivalent to about 10 cop- 
ies per genome. 

spectively, are present. Therefore, the left end point of the 
deletion falls in the roughly 200-base region between positions 
91.4 and 92.0, and the.right end point falls. between positions 
97.2 and 98.4. The size of the 808 deletion, measured by elec- 
tron microscopy and estimated from the mobility of the novel 
restriction fragments produced in H2£#808 DNA by the dele- 
tion (Fig. 2) is just over 5%. It is likely, therefore, that the right 
end point lies quite close to the HindUl site at position 97.2 as 
shown in Fig. 4. 

The 808 deletion, which does not cover the Bel I site at po- 
sition 91.4, cannot be any closer to the presumed polyadenylyl- 
ation site for fiber mRNA (position 91.1; refs. 25 and 26) than 
about 100 bases. It is likely, therefore, that fiber mRNA is not 
directly affected by the 808 deletion. This is of particular in- 
terest in light of the observation that, even in W162 cells, 
H2*fl808 substantially underproduced fiber protein (data not 
shown). Therefore, the 808 deletion may define a downstream 
site, outside of the sequences incorporated into stable mRNA, 
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Fig. 4. Map of the H2dZ808 deletion. The extent of the H2dl8Q8 
deletion, deduced from restriction digests and electron microscopy, is 
diagrammed. The end points of the deletion (black bar) fall between a 
Bel I site at position 91.4 and a Sma I site at position 92.0 on the left 
and between a HindUl site at position 97.2 and a Sma I site at position 
98.4 on the right The positions of the presumed polyadenylylation sig- 
nals for fiber (IVA n ) and E4 (E4 A n ) RNAs and the approximate extent 
of E4 transcription (arrow) are indicated (23, 24). 
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that is necessary for efficient expression of the fiber gene. More 
thorough analysis of H2*#808 will presumably shed light on this 
possibility and on the nature of the mutant's biochemical de- 
fect. 

DISCUSSION 

The genetic analysis of the transforming regions of several an- 
imal viruses has been facilitated by the fact that some trans- 
formed cell lines support the growth of otherwise defective viral 
mutants with lesions in- those regions. Such transformed, cell 
lines contain and express segments of viral DNA (3-5) and pre- 
sumably are capable of supplying the essential products of those 
DNA segments to viral mutants that cannot produce them. The 
experiments described here were undertaken to extend the 
benefits of such complementing cell systems to a viral DNA* 
segment not directly involved in transformation, early region 
4 of human adenoviruses. In these experiments, a segment of 
adenoviral DNA containing early region 4. sequences derived 
from Ad5 was introduced into Vero cells as part of a plasmid 
containing the Ad5 EcoRI B fragment and. the dominant; se- 
lectable E. coli gene gpt (14). Several of the resulting cell lines 
were then screened for biological activity and one, W162, was 
found* to support the growth of the defective E4 deletion mu- 
tant H2dt808 (16). Thus, it is possible. to construct comple- 
menting cell lines for at least some segments of viral DNA that 
do not transform cells, and a line that should be useful in the 
analysis of E4 was obtained. Recently, Shiroki et at (27) and 
Babiss et al (28) reported the use of the gpt selective system 
to construct KB cell . derivatives containing adenoviral El se- 
quences. Like 293 cells, some of these lines support the growth 
of El mutants. 

Vero cells, which are of monkey origin but permissive for 
human adenoviruses, were chosen for these experiments rather- 
than a human cell line partly for technical reasons: Vero cells 
grow, well, form durable monolayers, and were easily trans- 
formed to mycophenolic acid resistance. Further, in Vero de- 
rivatives,, resident E4 sequences should remain silent because 
Vero cells do not contain the adenoviral El sequences required 
for efficient E4 expression (9, 10). Thus, even if E4 expression 
is lethal, there ought to be no selection against E4-containing. 
Vero transformants; as there might be against similar deriva- 
tives of, for example, 293 cells. We presumed that in E4-bear- 
ing Vero derivatives, infecting adenovirus would activate the 
resident E4 DNA by providing El products. 

Five mycophenolic acid-resistant lines, all of which presumr 
ably carry the gpt gene and attached E4 DNA, were originally 
chosen for close examination. Of these, only one seems to com- 
plement the E4 mutant that we have used to test biological ac- 
tivity. The reason for the inactivity of the other, four lines is not 
known; All of the lines examined; including W162, grow well 
and. form long-lived monolayers. 

E4 is one of the few segments.of the adenoviral genome for 
which no function in the viral life cycle is known. This is due 
in part to the lack of E4 mutants: no conditionally defective mu- 
tants are available, and H2t#808, which until, now has been 
propagated in the presence of a helper virus, carries a deletion 
too small to make its physical purification practical. . One dele- 
tion mutant lacking E4 sequences (H2dZ807; ref. 14) has been 
characterized, but the interpretation of its phenotype is com- 
plicated by the fact that it is missing a substantial amount of 
DNA outside of E4. The difficulties encountered in the genetic 
analysis of E4 should be considerably reduced by W162, which 
will make the analysis of H2<tf808 possible immediately and 
should permit the eventual isolation of new E4 mutants. 

Using lysates produced on W162 cells, we have begun the 
characterization of H2dZ808, which lacks viral sequences from 
between positions 91.4. and 92.0 to just beyond position 97.2. 



This deletion falls entirely within E4* (ref. 24; see Fig. 4) and 
would disrupt all but the most promoter-proximal of the hy- 
pothetical proteinrcoding regions hr E4 proposed on the basis 
of sequence data (25, 26). We are not yet certain of the level 
at which the growth of H 2dl808 is blocked in non permissive 
cells. It is of interest that even in W162 cells, H2J/808 syn- 
thesizes little fiber protein. Because fiber mRNA ought not to 
be directly affected by the deletion, the missing DNA may con- 
tain a novel genetic element required for efficient expression 
of the fiber gene. 

The W162 cell line should soon shed light on the functions 
of adenoviral early region 4. The method used in the construc- 
tion of the line also should.be of. general utility in producing 
similar complementing cell lines for other regions of interest in 
animal virus genomes. 
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A genetic system is described which allows the isolation and propagation of adenovirus mutants containing 
lesions in early region 2A (E2A), the gene encoding the multifunctional adenovirus DN A -binding protein 
(DBP). A cloned E2A gene was first mutagenized in vitro and then was introduced into the viral genome by in 
vivo recombination. The E2A mutants were propagated by growth in human cell lines which express an 
integrated copy of the DBP gene under the control of a dexamethasone-inducible promoter (D. F. Klessig, 
D. E. Brough, and V. Cleghon, Mol. Cell. Biol. 4:1354-1362, 1984). The protocol was used to construct five 
adenovirus mutants, Ad5d 180 1 through Ad5dl805, which contained deletions in E2A. One of the mutants, 
Ad5dl802, made no detectable DBP and thus represents the first DBP-negative adenovirus mutant, while the 
four other mutants made truncated DBP-related polypeptides. All five mutants were completely defective for 
growth and plaque formation on HeLa cell monolayers. Furthermore, the two mutants which were tested, 
Ad5dl801 and Ad5dl802, did not replicate their DNA in HeLa cells. The mutant Ad5dl804 encoded a 
truncated DBP-related protein which contained an entire amino-terminal domain derived from the host range 
mutant Ad5hr404, a variant of Ad5 which multiplies efficiently in monkey cells. While results of a previous 
t study suggest that the amino-terminal domain of DBP could act independently of the carboxyl-terminal domain 
to enhance late gene expression in monkey cells, the Ad5dl804 polypeptide failed to relieve the block to late 
viral protein synthesis in monkey cells. The mutant Ad5dl802 was used to study the role of DBP in the 
regulation of early adenovirus gene expression in infected HeLa cells. These experiments show that E2A mRNA 
levels are consistently reduced approximately fivefold in Ad5dl802-infected cells, suggesting either a role for 
DBP in the expression of its own gene or a r/j- acting defect caused by the E2A deletion. DBP does not appear 
to play a significant role in the regulation of adenovirus early regions 1A, IB, 3, or 4 mRNA levels in infected 
HeLa cell monolayers since wild- type Ad5- and Ad5dl802-infected cells showed very little difference in the 
patterns of expression of these genes. 



The early region 2A gene (E2A) of human adenovirus 
types 2 and 5 (Ad2 and Ad5, respectively) encodes a 
72-kilodalton (kDa) protein which possesses single-stranded 
DNA binding activity (34, 46). This polypeptide, commonly 
called the adenovirus DNA-binding protein (DBP), is 
thought to contain two physical (25, 43) as well as functional 
31, 40) domains. A large number of functions have been 
ascribed to DBP. The best characterized of these is the role 
of the protein in viral DNA replication. DBP is required for 
the strand elongation reaction of viral DNA synthesis (12, 
16) and may play a role in the initiation reaction as well (17, 
37, 47). This polypeptide has also been implicated in the 
regulation of adenovirus early gene expression. Results of 
studies involving the microinjection of purified adenovirus 
genes or mRNAs into cells have suggested that DBP may 
stimulate both early region IB (E1B) (42) and early region 4 
|E4) (41) gene expression. DBP has also been proposed to 
have a negative influence on early gene expression at inter- 
mediate and late times after infection. Evidence for this 
comes primarily from studies with the temperature-sensitive 
J^jL £ 2A mutant Ad5tsl25. This mutant, unlike wild-type 
WT) adenovirus, fails to turn down early gene expression as 
V|r al infection proceeds and thus accumulates higher 
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amounts of early mRNAs than WT virus (10, 11). The 
negative regulation mediated by DBP is thought to affect 
both the cytoplasmic stabilities of early region 1A (E1A) and 
E1B mRNAs (7) as well as the rate of transcription of E4 
(38). More recently, repression of E4 transcription by DBP 
has been demonstrated in vitro (23). A further function for 
DBP in late viral gene expression has been revealed by 
studying abortive infections of human adenovirus in monkey 
cells. WT virus fails to grow in monkey cells because of a 
complex block to viral late gene expression (8. 14, 26). This 
block involves a reduced rate of transcription across the late 
viral gene block (J. NL Johnston, K. P. Anderson, and D. F. 
Klessig. submitted for publication), altered splicing of the 
mRNA encoding the fiber polypeptide (3, 28), and poor in 
vivo translation of the fiber mRNA (2). Adenovirus host 
range (hr) mutants which overcome these blocks and grow 
productively in monkey cells contain mutations in the ami- 
no-terminal segment of the E2A gene which cause a substi- 
tution of tyrosine for histidine at amino acid 130 of DBP (1, 
9, 32). DBP also can affect the efficiency with which adeno- 
virus transforms rat cells, as Ad5tsl25 transforms ceils at a 
three- to eightfold enhanced frequency compared with WT 
virus (19, 49). Finally, results of a recent study have sug- 
gested that DBP may play a role in the assembly of virus 
particles (39). 

Although the small number f ts and hr mutants isolated to 
date have been invaluable in ascribing functions to DBP, it is 
apparent that a larger collection of mutants will be needed to 
understand this multifunctional protein in more detail. How- 
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ever, since several of the activities of DBP are essential for 
virus growth, many potential E2A mutants are expected to 
have a nonconditionally lethal phenotype and thus cannot be 
isolated. To circumvent this problem, our laboratory has 
ngine^ered several human cell lines, designated gmDBP 
cells, which contain and express integrated copies f the 
E2A gene (27). Since it was suspected that expression of 
DBP is toxic to cells (30), the E2A gene in these cell lines 
was under the control of a glucocorticoid hormone-inducible 
promoter. In the presence of dexamethasone, a synthetic 
glucocorticoid hormone, gmDBPl and gmDBP2 ceils induce 
DBP synthesis 50- to 200-fold to a level that is 5 to 20% of the 
peaK synthesis level seen in adenovirus-infected HeLa cells 

< 27 >- * . „ 

The gmDBP cell lines therefore can theoretically serve as 

a permissive system for the isolation and propagation of E2 A 
mutants. A similar strategy was used to isolate a wide 
variety of mutants mapping in E1A and E1B. These mutants 
are efficiently complemented by the human 293 cell line 
which expresses an integrated copy of E1A and E1B (20). 
DBP differs from the gene products encoded by E1A and 
E1B, however, in that it is probably required in very large 
amounts (up to 10 7 molecules per cell) during a viral infec- 
tion. Although the gmDBP cell lines complement the growth 
of E2A is mutants (27), the ts mutations probably inactivate 
only a subset of the functions of DBP (40). Thus it was 
unclear whether these cell lines would allow the isolation of 
DBP-negative adenovirus mutants. 

In this report we describe a genetic system which has 
allowed the construction of five E2A deletion mutants. All of 
the mutants can be propagated in the gmDBP cell lines in the 
presence of dexamethasone. Since at least one of the mu- 
tants makes no functional DBP. the gmDBP cell lines should 
serve as a useful system to isolate E2A mutants of any 
desired genotvpe. The phenotypes of the five deletion mu- 
tants have shown, as expected, that DBP is an essential 
adenovirus protein required for viral DNA replication. Ex- 
periments are presented which utilize the E2A deletion 
mutants to investigate the role of DBP in the regulation of 
early and late viral gene expression. 

MATERIALS AND METHODS 

Cells, viruses, and infections. The human 293 and HeLa cell 
lines were obtained from J. F. Williams. CV l and CV C cells, 
established lines of African green monkey kidney cells, were 
obtained from J. Mertz and P. Tegtmeyer, respectively. 
Isolation of the E2A-complementing gmDPBl and gmDBP2 
ceil lines has been described recently (27). The gmDBP2a cell 
line was isolated as a subclone of gmDBP2 cells. Monolayer 
cultures of 293, HeLa, and gmDBP cells were cultivated in 
Dulbecco modified Eagle medium (Flow Laboratories. Inc., 
McLean. Va.) supplemented with 107c calf serum (Irvine 
Scientific), 100 n-gof streptomycin per ml, 100 jig of penicillin 
per ml. and 292 ^g of glutamine per ml. For CV! and CV C 
cultivation. 5% fetal calf serum (Row Laboratories) was used 
instead of 10% calf serum. 

Ad2 and Ad5 were originally obtained from U. Pettersson 
and J. F. Williams, respectively. Ad2hr400 and Ad5hr404 
have been isolated by Klessig and Grodzicker (29). AH of the 
viruses identified above were propagated in suspension 
cultures of KeLa cells. Ad5tsl25 and Ad5dl434 were ob- 
tained from J. F. Williams and D. Solnick, respectively. 
Ad5tsl +2 was isolated after ligating the BamHl A restriction 
fragment (coordinates 0 to 59.5) derived from Ad5ts2 (48) to 
the BamHl B restriction fragment (coordinates 59.5 to 100) 



derived from Ad5tsl (43). The ligated DNA was used to 
transfect 293 cells at 33°C. Plaques were picked and 
screened for the inability to complement either of the paren- 
tal viruses at the nonpermissive temperature. A positive 
isolate was plaque purified and designated Ad5tsl+2. 
Ad5tsl25 and Ad5tsl+2 were propagated in monolayers of 
HeLa cells at 33°C, and Ad5dl434 was propagated in 293 
cells at 37°C Simian virus 40 (SV40) strain 776 was obtained 
from J. Sambrook, and stocks were prepared in CVi cells. 
Plaque assays for all virus except Ad5dl801 through 
Ad5dl805 were performed as described previously (22). The 
isolation, propagation, and assay of the E2A deletion mu- 
tants Ad5dl801 through Ad5dl805 are described in detail 
below. 

All virus infections were done on confluent cell monolay- 
ers. Virus inocula were adsorbed at 37°C for 75 min in 
phosphate-buffered saline. The cell monolayers were 
washed, overlaid with media, and incubated at 37°C unless 
otherwise indicated. 

Construction of plasmids containing E2A deletions. The 
first set of E2A deletions (dl801 and dl802) was constructed 
in the plasmid pAd2SA (obtained from U. Pettersson) which 
contains the Ad2 Smal A fragment (adenovirus coordinates 
56.9 to 75.8) cloned in the Pstl site of pBR322. This plasmid 
contains a unique Xhoi restriction site at coordinate 65.9 in 
the amino-terminal portion of the DBP-coding region. It was 
necessary to use an Ad2 rather than an Ad5 clone because of 
Ad5 E2A gene does not contain this Xhoi site. One micro- 
gram of plasmid DNA was first linearized at its unique Xhoi 
site (coordinate 65.9 in the adenovirus insert) and then 
digested in a volume of 50 ^! with 1 U of Bed 31 nuclease 
(Bethesda Research Laboratories, Inc., Gaithersburg, Md.) 
for 20 s at 30°C. The DNA was extracted with phenol and 
chloroform-isoamyl alcohol, religated with T4 DNA ligase, 
and used to transform Escherichia coli. Plasmid DNA iso- 
lated from individual transformants (24) was screened by 
restriction enzyme digestion to identify those plasmids 
which contained deletions entirely within the DBP-coding 
reeion. Two such plasmids were obtained and designated 
P Ad2SA-801 and pAd2SA-802. * 

The second set of E2A deletions (dl803 through dl805) 
was constructed with the plasmid pAd5hrKE, which was 
derived by cloning the Ad5hr404 Kpnl E fragment (coordi- 
nates 61.3 to 71.4) into the Pvtdl site of pBR322 with Kpnl 
linkers (New England Biolabs, Inc.. Beverly, Mass.). 
Ad5hr404 is an hr mutant of Ad5 which has acquired the 
ability to grow productively in monkey cells because of a 
point mutation in the amino-terminal segment of the E2A 
gene (29. 32). The pAd5hrKE plasmid contains three 55/11 
restriction enzyme sites, all of which reside in the DBP gene 
at coordinates 62.2, 64.4. and 65.7. One hundred micrograms 
of pAd5hrKE DNA was digested to completion with S5fII. 
The three resulting fragments were separated by electropho- 
resis in a 1.6% agarose gel and purified by electrophoresis 
into dialysis bags and passage over DEAE-Sephacel (35). 
Both purified insert fragments (the fragments at coordinates 
62.2 to 64.4 and 64.4 to 65.7) were individually ligated into 
the vector backbone, and the DNA was used to transform E. 
coii. DNA from transformants was screened by restriction 
enzyme analysis to identify clones which contained single 
inserts in the proper orientation or no insert. Clones con- 
taining the deletions from coordinates 62.2 to 65.7, 64.4 to 
65 7, and 62.2 to 64.4 were designated pAd5hrKE-803, 

pAd5hxKE-804, and P Ad5hrKE-805, respectively. 
The five E2A deletions were next introduced into the 

pAd5HA plasmid, which consists of the //r/idlll A fragment 
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of Ad5 cloned into pBR322. To accomplish this, the deletion 
plasmids were digested with Kpn\. and the insert fragments 
(coordinates 61.3 to 71.4) were purified as described above. 
These were then cloned in the proper orientation into the 
purified pAd5HA vector backbone (pAd5HA minus its own 
insert) to give rise to the plasmids pAd5dl801 through 
pAd5dl805. 

The extents of the deletions in pAd5dl801 and pAd5dl802 
were analyzed by DNA sequence analysis (36). The 
pAd5dl801 plasmid contains a 313-base-pair (bp) deletion 
which fuses bp 22 of the DBP-coding region (the A of the 
initialing ATG is defined as bp 1) to bp 336. The pAd5dl802 
plasmid contains a 242-bp deletion which fuses bp 64 to bp 
307. The plasmids pAd5dl803 through pAd5dl805 contain 
precise deletions of one or both Sstll fragments as the new 
joints were digestible with 55/11 and therefore are deleted for 
1272, 802, and 470 bp, respectively. The deletions in 
pAd5dl803 through pAd5dl805 fuse bp 216 to bp 1489, bp 
686 to bp 1489, and bp 216 to bp 687. respectively. 

Construction, propagation, and plaque assay of the adeno- 
virus E2A deletion mutants. Genomic DNA-terminal protein 
complex was prepared from Ad5tsl+2 by the method of 
Chinnadurai (13), dialyzed extensively in 10 mM Tris (pH 
7.8)-l mM EDTA-1 mM 0-mercaptoethanol, and stored at 
4°C. The DNA-protein complex (0.5 to 1 *tg) was mixed with 
6 adenovirus molar equivalents of ////idlll-digested 
pAd5<n801 through pAd5dl805 and transfected by the cal- 
cium phosphate procedure (21, 29) into 293 or dexa- 
methasone-treated gmDBPl cells. The transfected cells were 
incubated at 33°C for 4 days. Progeny virus were released 
from the cells by freeze-thawing and sonication. Four five- 
fold serial dilutions of each lysate were made in phosphated- 
buffered saline, and 0.5 ml of each dilution was used to infect 
monolayers (60 mm) of gmDBPl or gmDBP2 cells. The 
infections were incubated for 3 to 6 days at 40°C in media 
containing 0.6 nM dexamethasone. The progeny of these 
infections were used to infect fresh monolayers of gmDBPl 
cells, and this process was continued until the cultures 
exhibited cytopathic effects (CPE). Large stocks of the 
deletion mutants were made by infecting gmDBP2 or 
gmDBP2a monolayers (60 to 100 100-mm plates) in the 
presence of 0.6 u,M dexamethasone. The infected cells were 
incubated at 37°C and harvested at 68 to 80 h postinfection 
(P.i.). 

The infectious titer of the E2A deletion mutant stocks was 
determined by plaque assay on HeLa cells using Ad5dl434 
as a helper virus. Plaque assays were performed as usual, 
except the HeLa cell monolayers were simultaneously in- 
fected with Ad5dl434 (6 x 10 6 PFU in 0.5 ml of phosphate- 
buffered saline per 60 mm plate). It was empirically deter- 
mined that the E2A mutant stocks gave the greatest number 
of plaques when the HeLa cell monolayers were infected 
with Ad5dl434 at a multiplicity of 2 PFU per cell. Under 
these conditions, the E2A deletion stocks formed plaques 
Wlt hj apparent one-hit kinetics and varied in titer between 2 
* 10 8 and 2 x 10 9 PFU per ml. Analysis of several of these 
Plaques (data not shown) indicated that they contained 
Predominately WT virus, and thus presumably arose after 
recombination between the two deleti n mutant genomes 
gave rise to a WT virus. Since the helper virus assay depends 
°n a recombination event to generate a viral plaque, it may 
underestimate the amount of infectious virus in the E2A 
Mutant stocks. This does not appear to be the case, how- 
ler, since a given number of E2A deletion mutant PFU 
c°ntain approximately the same amount of adenovirus DNA 
35 does the same number of WT PFU which have been 



titrated in the normal plaque assay without helper virus (S. 
Rice, unpublished data). 

Analysis of viral proteins, DNA, and RNA. The synthesis of 
viral proteins was assayed by labeling infected cell monolay- 
ers with 40 to 75 pCi of [ 35 S]methionine per ml and analyzing 
the products by sodium dodecyl sulfate (SDS)-polyacryl- 
amide gel electrophoresis (26). Immunoprecipitation of DBP 
and fiber protein from infected cell lysates was performed as 
described previously (2, 30). • 

Analysts of adenovirus DNA synthesis and preparation of 
low-molecular-weight DNA from adenovirus-infected cells 
have been described previously (40). To compare the num- 
bers of adenovirus templates in infected cells, isolated nuclei 
remaining after cytoplasmic RNA extraction (see below) 
were lysed in 3.8 ml of 50 mM Tris (pH 7.4M0 mM 
EDTA-100 mM NaCM).5% SDS, and then 0.2 ml of 10 mg of 
pronase per ml was added. The lysates were incubated at 
37°C overnight. After two extractions with phenol- 
chloroform-isoamyl alcohol (24:24:1) and one extraction 
with chloroform-isoamyl alcohol (24:1), the nucleic acid was 
precipitated with 2.5 volumes of ethanol. Ten micrograms of 
each DNA preparation was digested with Kpnh fractionated 
on a 1% agarose gel, and blotted to a nitrocellulose filter. The 
filter was hybridized with a nick- translated 32 P-labeled Ad5 
DNA probe at 42°C in 50% formamide-0.4 M NaCI-0.1 M 
A f -2-hydroxyethylpiperazine-A^'-2-ethanesulfonic acid (pH 
8.0)-5 mM EDTA-0.2% SDS-5x Denhardt solution (lx 
Denhardt solution is [wt/volj bovine serum albumin, 
Ficoll (molecular weight, 400,000], and polyvinyl pyr- 
rolidoneHOO u-g of denatured salmon sperm DNA per ml. 
The filters were washed twice in 2x SSC (lx SSC is 0.15 M 
NaCI plus 0.015 M sodium ciirate)-0.1% SDS at room 
temperature, and three times in O.lx SSC-0.1% SDS at 
55°C. 

For comparison of steady-state levels of early adenovirus 
mRNAs, HeLa monolayers were infected with virus at a 
multiplicity of 50 PFU per cell. The overlay media included 
10 mM hydroxyurea (Calbiochem-Behring, La Jolla, Calif.) 
to block DNA replication. Cytoplasmic RNA was prepared 
from the cells by phenol and chloroform extraction of the 
0.5% Nonidet P-40 supernatant fractions followed by ethanol 
precipitation (26). For Northern blot analysis, equal amounts 
(usually 20 of each preparation were denatured and 
electrophoresed on a 1.2% formaldehyde-agarose gel as 
described by Maniatis el al. (35). For dot blot analysis, 5 jig 
of each cytoplasmic RNA preparation was denatured in 
formaldehyde as described above for Northern analysis, 
mixed with an equal volume of cold 20x SSC, and aspirated 
onto nitrocellulose through a 96-welI dot blot manifold 
(Bethesda Research Laboratories). DNA probes specific for 
adenovirus early regions were labeled by nick translation 
with [ 32 P]dCTP to a specific activity of 1 x 10 s to 5 x 10 8 
cpm per ftg. Four of the probes were plasmid pBR322 
derivatives containing Ad2 DNA inserts. Plasmids contain- 
ing the Ball L (coordinates 6.0 to 7.7), £roRI B (coordinates 
58.5 to 70.7), and HindlU F (coordinates 89.5 to 97.1) 
fragments were probes for E1B, E2A. and E4, respectively. 
The plasmid pHEB4 (coordinates 0.8 to 4.5), a clone of a 
BalhHpal double digest, was used as the probe for E1A. 
The purified EcoRl C restriction fragment from Ad5 (coor- 
dinates 75.9 to 84.0) was used as the probe f r early region 3 
(E3). The nitrocellulose filters were hybridized and washed 
as described above for the DNA blots. For quantitation of 
the dot blot data, individual dots were cut out and counted in 
3 ml of AquasoI-2 (New England Nuclear Corp., Boston, 
Mass.). The radioactivity bound to duplicate dots differed by 
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FIG 1 Strategy for introducing a cloned E2A allele into the adenovirus genome. The upper line represents the Ad5tsl+2 genome, with 
the cross-hatched bars indicating the coordinates to which the ts2 hexon and tsl 100K mutations were mapped. The bottom line represents 
the Ad5 Hindlll A restriction fragment. The arrows in the figure indicate the position and direction of transcription of the E 2A ne. The two 
pairs of crossed lines show the recombination event which crossed out both ts mutations and introduced the cloned E2A allele. 



less than 20%, and usually by less than 10%. The number of 
counts per minute binding to dots containing 5 fig of HeLa 
cell RNA was considered background and was subtracted 
before quantitation. 

RESULTS 

Strategy for constructing adenovirus E2A mutants. To 
obtain and study DBP-defective adenovirus mutants, dele- 
tions were introduced into the E2A gene. Due to the large 
size of the adenovirus genome, however, it was impractical 
to engineer such deletions in vitro with genomic adenovirus 
DNA. Instead, deletions were first constructed in cloned 
copies of E2A, and then the altered alleles were introduced 
into the intact viral genomes by in vivo recombination. Our 
strategy for introducing a cloned E2A gene into the viral 
chromosome (Fig. 1) is a variation of the genetic mapping 
procedure called marker rescue (5. 18). In this technique a 
subgenomic fragment of adenovirus DNA is transfected with 
intact genomic DNA into permissive cells. A small but 
significant fraction of the progeny are recombinants which 
have acquired some or all of the subgenomic fragment. To 
select for the desired E2 A recombinants, our strategy makes 
use of a parental virus which contains ts mutations in two 
late viral genes which flank E2A. This virus, designated 
Ad5tsl+2. contains both the tsl mutation in the 100-kDa 
gene (mapped between coordinates 70.0 and 71.4) and the tsl 
mutation in the hexon gene (mapped between coordinates 
54.7 and 57) (48, 50). 

The feasibility of the scheme was tested in a pilot exper- 
iment in which DNA-terminal protein complex derived from 
Ad5tsl+2 plus various plasmid DNAs were transfected into 
human 293 cells. The transfections were allowed to proceed 
through one infectious cycle at either the permissive or 
nonpermissive temperature, before a subsequent passage in 
HeLa cells at the nonpermissive temperature to select for 
non-/s recombinants. Only those cells which received plas- 
mid DNA containing an adenovirus insert large enough to 
rescue both ts mutations yielded non-ts virus (Table 1). The 
rescuing plasmid. pAd5HA. contains the Ad5 Hindlll A 
fragment (coordinates 50.1 to 72.8) cloned into the Hindlll 
site of pBR322. This experiment also demonstrated that the 
state of the rescuing plasmid DNA and the conditions for 
selection are important. Plasmid pAd5HA DNA which had 
been digested with Hindlll rescued much more efficiently 
than either undigested pAd5HA DNA or Sa/I-digested 
pAd5HA DNA. Since Hindlll digestion releases the viral 
insert while Sail linearizes the plasmid but leaves pBR322 
sequences at the ends, this result suggests that homologous 
ends increase the efficiency f recombination. It was also 
critical that the transfection be carried out at the permissive 



temperature of 33°C, as no recombinants arose from 
transfected cells incubated at 40°C (see below). 

Construction of adenovirus E2A deletion mutants. Five 
derivatives of the pAd5HA plasmid were constructed which 
contained various deletions in the DBP coding region (see 
above). These plasmids were designated pAd5d!801 through 
pAd5dl805 and are illustrated in Fig. 2. The viral inserts 
were released from pAd5dl801 through pAd5dl805 by 
Hindlll digestion and then individually transfected with 
intact Ad5tsl + 2 DNA-terminal protein complex into either 
293 or dexamethasone-induced gmDBPl cells. After one 
infectious cycle at 33°C the progency of the transfections 
were passaged multiple times (usually 3 days per passage) at 
40°C in dexamethasone-induced gmDBPl or gmDBP2 cells 
to select for non-ts recombinants. After three or f ur pas- 
sages, most of the cultures which had originally been 
transfected with Ad5tsl+2 DNA-terminal protein complex 
plus the deleted E2A plasmids showed pronounced CPE, 
while the cultures which had originally been transfected with 
Ad5tsl+2 DNA-terminal protein complex alone showed no 
CPE. Restriction enzyme analysis of low-molecular-weight 
DNA isolated from these cultures indicated that the 
monolayers showing CPE did in fact contain adenovirus 
DNA, but that the E2A gene was apparently W1^(i.e., 



TABLE 1. Rescue of Ad5tsl + 2 by plasmid DNAs" 



Rescuing DNA* 



None 

pHBl [HindlU-BamHl) 
P Ad2HpB iBglll) 
pAd5HA (Hindlll) 
pAd5HA (undigested) 
pAd5HA (Sa/I) 
P Ad5HA [Hindlll) 



Adenovirus 
coordinates' 


Transfection 
temp (°C) 


Total PFLK 




33 


<10 


50.1-59.5 


33 


<10 


63.6-77.9 


33 


<10 


50.1-72.8 


33 


200,000 


50.1-72.8 


33 


1.000 


50.1-72.8 


33 


400 


50.1-72.8 


40 


<10 



- Human 293 cells were transfected with Ad5tsl +2 DNA-terminal protein 
complex alone or with 10 adenovirus molar equivalents of various plasmid 
DNAs. The transfected cells were allowed to undergo one infectious cycle (4 
days at 33°C: 3 days at 40°C>. One-tenth of the progeny of the transfection was 
passaged in HeLa cells for 3 days at 40°C to select for non-« recombinants. 

• The plasmid DNAs were first digested with the restriction enzymes 
indicated in parentheses. The plasmid pHBl consists of a Hindlll-BamHl 
fragment of Ad2 (coordinates 50.1 to 59.5) cloned into pBR322. The plasmid 
pAd2HpB consists of theAd2 HpaX B fragment (coordinates 57 to 85) cloned 
into the PvuM site of pBR322. , 

' Coordinates of the potentially rescuing adenovirus fragment are indicated. 
For pAd2HpB, the coordinates of the internal viral fragment released by Bg\l\ 
digestion are indicated. 

J HeLa cell lysaies were titrated on HeLa cells at 40°C to assay noo-w 
virus. The numbers shown are the total PFU in each lysate (approximately 3 
x 10 6 cells). 
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FIG. 2. Structure of the deleted E2A alleles. The lower portion 
of the diagram indicates the structure of the WT E2A gene, its RNA, 
and its protein. At the bottom, adenovirus coordinates are indicated 
as are the restriction sites used in the mutant construction: X 
denotes the Ad2 XhoX site at coordinate 65.9, and S denotes the Ad5 
SstW srtes at coordinates 62.2, 64.4, and 65.7. The large horizontal 
arrow indicates the coding exon of E2A mRNA. and the large open 
bar represents the open reading frame which encodes the 529-amino- 
acid <aa) DBP. The five lines above indicate the structures of the 
E2A genes in the deleted alleles. Parentheses denote the extent of 
the DNA sequences deleted, while the bars above each line repre- 
sent the open reading frame predicted to be used by each mutant. 
Open bars correspond to translation in the normal DBP reading 
frame, and the stippled bars indicate that translation is in an 
alternate reading frame. The numbers above each bar correspond to 
the number of amino acids in each segment of the predicted 
polypeptide, while to the left of each bar is indicated the nonsense 
codon which should terminate translation. The asterisk above the 
open bar of dl804 represents the histidine to tyrosine alteration at 
amino acid 130 of the expected dl804 polypeptide. In the intact 
DBP, the alteration allows the virus to express its late genes in 
monkey ceils. 



undeleted; data not shown). Southern blot analysis of the 
DNA preparations, however, indicated that a very small 
percentage of the adenovirus DNA molecules in some cul- 
tures contained the deleted E2A alleles (data not shown). 

Since cells transfected with Ad5tsl+2 DNA alone never 
gave rise to virus after selection at 40°C, the apparent WT 
virus obtained after transfection with Ad5tsl+2 plus the 
deleted plasmid DNA must have arisen by recombination. 
The most probable explanation for their origin was a double 
recombination event or events in which plasmid DNA se- 
quences rescued both Ad5tsl+2 ts mutations, but left the 
Ad5tsl+2 E2A gene unaltered. Although this event is prob- 
ably less frequent than the desired single recombination 
event depicted in Fig. 1, these WT recombinants might have 
a significant growth advantage over recombinants containing 
E2A deletions, even in the induced gmDPB cell lines. Thus 
by the third or fourth passage the WT recombinants may be 
toe most abundant virus in the cultures. 

This hypothesis predicts that the progeny of the original 
Jj^nsfection would include more recombinants containing 
toe desired E2A deletion than recombinants containing the 
E2A allele. Therefore, serial fivefold dilutions of the 
"^nsfection lysates were made and passaged at 40°C in the 



gmDBP cell lines as described above. Most of the cultures 
which received the lower dilutions (5- and 25-fold) again 
showed pronounced CPE on the third or fourth passage and 
were presumed to contain WT recombinants. Cultures which 
received the higher dilutions (125- and 625-fold), however, 
appeared healthy until the fifth or sixth passage, at which 
time they showed definite but less pronounced CPE. Low- 
molecular-weight DNA was isolated from these latter cul- 
tures, digested with Kpnl and electrophoresed on an agarose 
gel. Figure 3 shows the results of this analysis for the 
cultures which had originally been cotransfected with 
pAd5d!803 through pAd5dl805. Each of these cultures 
appeared to contain only the desired adenovirus deletion 
mutant, as none of the viral DNAs contained a wild-type 
Kpnl E restriction fragment (arrow. Fig. 3). Instead, each 




FIG. 3, KpnX digestion of low-molecular- weight DNA isolated 
from infected gmDPB2 cells. Low-molecular-weight DNA was 
isolated from monolayers (60 mm) of gmDBP2 cells which were 
infected with WT Ad5 or wiih the cell lysate from fifth-passage 
gmDBP2 cultures originally infected with dilutions of the lysates of 
cells that had been cotransfected with pAd5di8()3. pAd5d!884, or 
pAd5dl805. One-third of each DNA preparation was digested with 
KpnX. electrophoresed on a 19? agarose gel. and stained with 
ethidium bromide (labeled Ad5. dl803. dlHfM. and dl805). To see if 
the viral deletions corresponded to the deletions in the parental 
plasmid s. £p/il-digested plasmid DNA (approximately 0.3 n-g) from 
WT pAd5HA and each of the three deletion derivatives was run in 
the lanes immediately to the right of each corresponding viral DNA 
(labeled pAd5HA. pAd5dl803. pAd5dl804, and pAd5dl805). The 
arrow indicates the position of the wild-type KpnX E restriction 
fragment. 
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restriction pattern included a smaller fragment that emi- 
grated with the deleted Kpn\ E fragment of the parental 
plasmid. Similar results were obtained for the cultures which 
had originally been cotransfected with P Ad5dl801 and 
pAd5dl802 tdata not shown). 

Large stocks of each of the five E2A deletion mutants 
were made in dexamethasone-induced gmDBP2 cells, start- 
ing from the dilution cultures which contained the appropri- 
ate deletion mutant DNA. The five adenovirus deletion 
mutants were designated Ad5dl801 through Ad5dl805 Al- 
though we did not sequence the E2A alleles of the five 
mutant virus, extensive restriction enzyme analysis of the 
viral DNAs indicated that each mutant virus had an E2A 
deletion consistent in structure with that of the parental 
plasmid <data not shown). 

When the five deletion mutant stocks were titrated on 
HeLa cell monolayers, no viral plaques were observed. This 
result was consistent with the expectation that E2A defines 
an essential adenovirus gene. Unfortunately, no viral 
plaques were obtained when the deletion mutant slocks were 
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FIG. 4. DBP-relaie<] polypeptides synthesized in E2A de ehon 
mutant-infected HeLa cells. Confluent monolayers of HeLa cells (60 
mm) were infected at a multiplicity of 100 PFU per cell w.th WT Ad5 
or with Ad5dl801 through A*d5dl805. At 20 h p... the monolayers 
were labeled for 1 h with 75 u.Ci of [»S|methionine per ml. 
One-fourth of each labeled protein extract was •"? B m " n £P« c, P'' a ™ 
with polyclonal rabbit antisera raised against punned DBP^ and the 
immunoprecipitates were electrophoresed on a \>/< SDS-poly- 
acrvlamide gel. An autoradiogram of the gel is shown. To the right 
of the panel, the position at which molecular weight marker proteins 
migrated is indicated (in thousands IK]). The pos.t.on of the ^kDa 
DBP is indicated to the left of the panel. The approximately 100-k»a 
protein which is seen in most lanes is a cellular protein wh.ch is 
sometimes immunoprecipitated by the anti-DBP serum. 
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TABLE 2. Yields of virus in HeLa and gmDBP2a cells" 
Virus 
Ad5 

Ad5dl801 
Ad5 

AdSdlSOl 

A d3dl801 ___ 

- Confluent monolayers were infected at a multiplicity of 20 PFli per cell 

and incubated for 68 b at 37°C. . . 

' Progeny virus were harvested by freeze-thawing and sonication. The 

yields of Ad5 were determined by titration on HeLa celts. The yieWs of 

Ad5dl80t were determined by titration on HeLa cells using AdSdWM as a 

helper virus. 

r The overlay media included 0.6 (iM dexamethasone (dex). 



titrated on gmDBPl or gmDBP2 cells in the presence of 
dexamethasone, even though these monolayers efficiently 
supported plaque formation by WT virus (see below). In an 
attempt to assay the infectivity of the deletion mutants, we 
titrated the mutant stocks on HeLa cells in the presence of a 
helper virus (see above). The helper virus used was 
Ad5dl434 an E1A-E1B deletion mutant (lacking sequences 
between viral coordinates 2.6 and 8.7: D. Solnick. unpub- 
lished data) which is itself defective for plaque formation and 
growth in HeLa cells. When HeLa cell monolayers were 
uniformly infected with Ad5dl434 at a multiplicity of 2 PFU 
per cell the E2A deletion mutant stocks formed plaques 
with apparent one-hit kinetics and varied in titer between 2 
x 10 8 and 2 x 10 9 PFU per ml. 

DBP-related polypeptides encoded by the E2A deleti n 
mutants. Since the DNA sequence of both the Ad2 and Ad5 
E">A genes is known (32. 33). it is possible to predict the 
effects of the deletion mutations on E2A coding potential 
(Fig *>) Four of the five deletions cause frameshift muta- 
tions "in the DBP-coding region. The exception is the 
Ad5dl803 deletion which fuses in frame ammo-terminal and 
carboxyl-terminal coding regions. To test these predictions 
HeLa cell monolayers were infected with WT or mutant 
virus and at 24 h p.i. they were pulse-labeled*with 
[ 35 Slmethionine. The labeled protein extracts were im- 
munoprecipitated with a polyclonal antiserum raised against 
purified DBP (Fig. 4). As expected, none « of ™«ant- 
infected HeLa cells synthesized an intact 72-kDa DBP. With 
one exception, the mutants produced DBP-related proteins 
that were consistent in size with the predictions shown in 
Fie ■> The exception was Ad5dl801. which was predicted to 
encode a 22-amino-acid polypeptide. Unexpectedly. 
. A d5dl801-infected cells synthesized two DBP-related 
polypeptides of 40 and 37 kDa. The origin of these Ad5d 801 
proteins is not understood at this time (see below). Ad5dl802 
was predicted to encode a small (47 amino acid) and proba- 
bly undetectable DBP-related protein. Consistent with this, 
no detectable protein was immunoprecipitated from the 
Ad<dl802 infections. HeLa cells infected with Ad>dl803 
throuah Ad5dl805 synthesized DBP-related proteins of ap- 
proximately 17. 38. and 18 kDa. respect ?ly. wteh jr «« 
reasonable agreement with the predicted 12-. 30- and 21-kDa 
polypeptides. These sizes are not inconsistent ™* «P« cta- 
iionVsince the WT DBP has a molecular weight of >9 kDa as 
deduced by its amino acid sequence, but migrates on SDi- 
polyacrylamide gels as a 72-kDa protein, possibly as a result 
of the high proline content near the amino \ e ™l?"|, 0 JLSSd 
m 33) In some additional experiments, the DBP-relatea 
proteins encoded by Ad5dl803 and Ad5dl804 were resolved 
into triplet and doublet species, respectively (data not 
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infected gmDPB2a cells in the absence of dexamethasone. 
When gmDBP2a cells were infected with Ad5dl801 or 
Ad5dl802 in the presence of dexamethasone, however, 
synthesis of late viral proteins was easily detected, although 
shutofif of host protein synthesis did not occur as efficiently 
as in the corresponding WT infections. Similar results were 
obtained for mutants Ad5dl803 through Ad5dl805 (data not 
shown). 

Since DBP is known to be required for adenovirus DNA 
synthesis (16, 47), it was strongly suspected that the E2A 
deletion mutants were defective for viral DNA replication. 
To test this, HeLa or dexamethasone-induced gmDBP2a 
monolayers were infected with WT Ad5. Ad5dl801, or 
Ad5dl802. and labeled from 28 to 34 h p.i. with [^thy- 
midine. Low-molecular-weight DNA was extracted from the 
cells, digested with Kpn\. and electrophoresed on an agarose 
gel. No viral DNA synthesis could be detected in mutant- 
infected HeLa cells (Fig. 6). even after very long exposures 
of the fluorogram. The two deletion mutants did replicate 
their DNA in gmDBP2a cells in the presence of dexa- 
methasone, but at a reduced rate (approximately 30- to 
50-fold) compared with that of WT. Although the mutants 
Ad5dl803 through Ad5dl805 were not directly tested for 
viral DNA replication, they were probably also defective 
since they failed to produce the intact carboxy-terminal 
segment of the DBP which contains in vitro DNA replication 
activity (4). 



FIG. 5. Viral protein synthesis in E2A deletion mutant-infected 
cells. Confluent monolayers of HeLa cells (a) or gmDBP2a cells (b) 
were infected at a multiplicity of 20 PFU per cell with WT Ad5, 
Ad5dl801. or Ad5dl802. Mutant -infected gmDBP2a ceils were 
incubated either in the absence (-) or presence <+) of 0.6 jxM 
dexamethasone. At 40 h p.i.. the monolayers were labeled for 1 h 
with 40 u.Ci of [ 3? S}methionine per ml. Equal fractions of each cell 
lysate were electrophoresed on a \59< SDS-polyacrylamide gel. and 
the dried gel was subjected to autoradiography. The positions of 
several late adenovirus proteins are indicated. 



HeLa 



gm DBP 2a 



m 

"O _ 



— CNJ — OJ 

O O jo O O 

CO CO T3 CO CO 

<t ID T} 



shown), but the origin of this protein heterogeneity has not 
been investigated. 

E2A deletion mutants are defective for viral growth and 
DNA replication. As mentioned above, none of the five E2A 
deletion mutant stocks formed plaques on HeLa cells, sug- 
gesting that these mutants were defective for viral growth. 
To test this directly, monolayers of HeLa or gmDPB2a cells 
(a subclone of the gmDPB2 cell line) were infected with WT 
Ad5 or Ad5dl801, and the infections were allowed to pro- 
ceed through an infectious cycle at 37°C. Virus yields from 
these infections are shown in Table 2. As expected, 
Ad5dl801 is defective for growth in HeLa cells, producing 
le ss than 1 PFU per infected cell. Although a small amount 
of progeny Ad5dl801 virus were produced in gmDBP2a cells 
m the absence of dexamethasone (2 PFU per cell), hormone 
simulation was essential for efficient propagation of this 
^"tant (90 PFU per cell). Note that even with dexa- 
m fJhasone stimulation, Ad5dl801 grew approximately 100- 
">ld less efficiently in gmDPB2a cells than did WT Ad5, 

Growth of adenovirus can also be evaluated by monitoring 
J^e viral protein synthesis. Therefore, monolayers of HeLa 
° r gmDBP2a cells were infected with WT Ad5, Ad5dl801, or 
*d^l802 and pulse-labeled for 1 h with [^methionine at 
SI** Pi- The labeled proteins were electrophoresed on an 
vi u yPolyacrylamide gel to assay for the synthesis of late 
proteins (Fig. 5). No late viral proteins could be 
elected in either mutant-infected HeLa cells or mutant- 




FIG. 6. Viral DNA synthesis in E2A deletion mutant-infected 
cells. Confluent monolayers (60 mm) of HeLa or gmDBP2a cells 
were infected at a multiplicity of 20 PFU per cell with WT Ad5, 
Ad5dl801 or Ad5dl802. The gmDBP2a infections were incubated in 
media containing 0.6 \iM dexamethasone. The monolayers were 
labeled from 28 to 34 h p.i. with pHJthymidine. and low-molecular- 
weight DNA was isolated. One-fourth of each DNA sample was 
digested with KpnX and electrophoresed on a V7< agarose gel. Shown 
is an autoradiogram of the dried gel after treatment for fluorography. 
The labeled band comigrating with the Ad5 KpnX F fragment was 
seen in mock-infected cells and probably represents synthesis of 
mitochondrial DNA. 
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FIG 7 Failure of the Ad5dl804 DBP-related polypeptide to enhance late viral gene expression in monkey cells. Monolayers of C V e ceHs 
were either singly infected (40 PFU per cell) or doubly infected (20 PFU per cell of each virus except for <™ 

of Ad2 per cell and 100 PFU of Ad5dl804 per ceil were used) with adenovirus mutants. At 36 h p.i. the monolayers 
w^re abeled f^ per ml. Equal fractions of each labeled protein extract were immunoprecip.tated with 

polyc £^Unti*ia raised against purified native fiber protein (A) or purified native DBP (B). In panel A, note that the : Ad2 and Ad5 
fiber polypeptides can be distinguished, as can Ad2 and Ad5 hexon polypeptides which are also partially , »™ un0 ?^ 
amisemm In panel B, the positions of the 72-kDa DBP and the Ad5dl804-specific. DPB-related polypept.de are indicated (arrow). SV40 
coinfection also allows WT adenovirus to grow productively in monkey cells (8). 



Expression of the truncated DBP-related polypeptide of 
Ad5dl804 does not enhance late viral gene expression in 
monkey cells. We have previously presented data which 
suggests that the amino-terminal domain of DBP may act as 
an independent functional domain which can enhance late 
viral gene expression and viral growth in monkey cells (40). 
If so. then the DBP-related polypeptide encoded by 
Ad5dl804 (Fig. 2) may retain this function since this trun- 
cated polypeptide should contain an amino-terminal domain 
derived from Ad5hr404. an E2A mutant able to express its 
late genes in monkey cells (29, 32). If the Ad5dl804 DBP- 
related polypeptide is functional, then Ad5dl804 should 
enhance WT Ad2 late gene expression when both viruses are 
coinfected into monkey ceils. Since Ad2 is not defective for 
DNA replication in monkey cells, the coinfected cells should 
progress into the late phase of infection in which the DBP 
fragment containing the fir mutation might help overcome 
the block to late gene expression. Therefore, confluent 
monolayers of CV C cells, a line of African green monkey 
kidney cells, were infected with various virus inocula. 
incubated until well into the late phase (36 h p.i.). and then 
labeled for 2 h with [ 35 S]methionine. Although synthesis of 
most late viral proteins is depressed in abortively infected 
monkey cells, the fiber pplypeptide is the most dramatically 
affected, being reduced some 100- to 200-fold (2, 26). The 
labeled protein extracts therefore were immunoprecipitated 
with a polyclonal antibody prepared against purified fiber 
protein, and the immunoprecipitates were electrophoresed 
on an SDS-polyacrylamide gel (Fig. 7A). Note that Ad2 and 
Ad5 fiber polypeptides can be distinguished in this gel 
system, as can Ad2 and Ad5 hexon polypeptides which are 
also partially precipitated with the fiber antiserum. As ex- 
pected, Ad2-infected CV C cells produced very little fiber 



compared with that of productive CV C cell infections <Ad2- 
SV40. Ad2hr400. and Ad5hr404). As a positive control. CV C 
cells were coinfected with Ad5hr404 and Ad2, and as ex- 
pected the hr404 DBP functioned in trans to enhance fiber 
synthesis. Ad5dl804, however, could not enhance either 
fiber or hexon synthesis, even when very high Ad5dl804 
multiplicities of infection (100 PFU per cell) wer| used 
(asterisk. Fig. 7). Lack of enhancement was not due to the 
failure of the coinfected cells to express the Ad5dl804 
DBP-related protein, as it was easily detected when the 
labeled extracts were immunoprecipitated with anti-DBP 
serum (Fig. 7B). However, immunoblot analysis of the 
protein extracts demonstrated that the steady-state levels of 
the Ad5dl804 polypeptide were reduced between 10- and 
40-fold in the coinfections compared with the level of DBP in 
a WT infection (data not shown). Determination of virus 
yields of parallel infections showed that Ad5dl804 could not 
enhance Ad2 growth in CV C cells (data not shown), which is 
consistent with its inability to enhance fiber synthesis. Very 
similar results were obtained when these experiments were 
repeated with CV t cells (data not shown), a monkey cell line 
in which the block to Ad2 growth is less stringent than in 
CV C cells (40). 

The role of DBP in adenovirus early gene regulation. To 

study the role of DBP in viral early gene regulation, steady- 
state levels of early mRNAs were monitored in WT Ad>. 
Ad5tsl25-. and Ad5dl802-infected HeLa cells. Since 
Ad5dl802 produces no DBP or detectable DBP fragment, 
this experiment allows one to observe adenovirus early gene 
expression in the complete absence of any DPB-mediated 
regulation. HeLa monolayers were infected at a multiplicity 
of infection of 50 PFU per cell with each virus and incubated 
at 40°C. To validate comparisons between WT Ad5 and the 
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FIG. 8. Analysis of early adenovirus gene expression in DBP mutant-infected cells. Confluent monolayers of HeLa cells were infected at 
a multiplicity of 50 PFU per cell with WT Ad5, Ad5dl802. or Ad5tsl25. The infections were incubated at 4C°C in media containing 10 mM 
hydroxyurea. (A) Northern blot analysis of early viral RNA expression in mutant-infected cells. At varius times after infection (indicated in 
hours by the number immediately above each lane) cytoplasmic RNA was extracted. Equal amounts of each RNA preparation were 
denatured, electrophoresed on a 1.29c formaldehyde-agarose gel. and subjected to Northern blot analysis with ? -P-labeled DNAs specific for 
various early regions (indicated next to each panel) as probes. (B) Comparison of the number of viral templates in infected cell nuclei. Total 
nuclear DNA was prepared from the cells used for the cytoplasmic RNA extractions at 20 h p.i. Ten micrograms of each DNA preparation 
was digested with Kpn\ and subjected to Southern blot analysis with "P-labeled Ad5 DNA used as a probe. 



two DNA replication-defective mutants, the potent DNA 
replication inhibitor hydroxyurea was added to all the infec- 
tions. At various times after infection, cytoplasmic RNA 
was prepared from, the infected cells. As a control, to make 
sure that there were approximately equal numbers of viral 
templates in each infection, nuclear DNA was prepared from 
the infected cells at the last time point (20 h p.i.). Equal 
amounts of the DNA preparations were digested with Kpnl 
and subjected to Southern blot analysis with 32 P-labeled Ad5 
DNA as a probe (Fig. 8B). This analysis confirmed that there 
were approximately equal numbers of viral DNA molecules 
in each infected cell nucleus. To compare the steady-state 
levels of messages from various early regions, equal 
amounts of the cytoplasmic RNA preparations were sub- 
jected to Northern blot analysis with 32 P-labeled DNAs 
specific f r E1A, E1B, E2A, E3. and E4 as the hybridization 
probes (Fig. 8A). 

Three general conclusions can be drawn from the results 
of this experiment and two repeat experiments of the same 
design (data not shown). First, DBP does not appear to be a 
significant positive regulator of either E1B or E4 mRNA 
expression in infected HeLa cells, since WT and Ad5dl802 
show similar patterns for both the induction and continued 
expression of these two early genes. Second, we observed 
that E2A mRNA levels were reduced significantly in 
Ad5dl802 infections (Fig. 8A). Also note that E2A mRNA 
from Ad5dl802 infections migrates slightly faster than does 
E2A mRNA from WT infections, consistent with the expec- 
tation that it contains a 242-nucleotide internal deletion. 
Quantitation of mRNA levels by dot blot hybridization 



analysis (data not shown) indicated that E2 A mRN As were 
reproducibly reduced about fivefold in Ad5cU802 infections 
as compared with WT Ad5 infections. These results are 
consistent either with a positive role for DBP in the trans- 
acting regulation of its own gene or with a exacting defect 
caused by the Ad5dl802 deletion. Third, DBP does not 
appear to negatively regulate expression of ElA t E1B, E3, 
or E4 mRN As when DNA replication is tightly blocked since 
Ad5dl802 shows little if any overexpression of these regions 
when compared with that of WT Ad5. In some experiments 
(e.g., E4 in Fig. 8A), slight overexpression (approximately 
twofold) of early mRN As in Ad5dl802-infected cells was 
noted, but these results were not reproducible in other 
experiments. Adtsl25-infected cells, however, did show a 
reproducible tendency to overexpress early mRNAs at late 
times (12 to 20 h p.i.) when compared with that of WT Ad5 
(e.g., E1B in Fig. 8A). The observed effect, however, was 
quite variable and never dramatic (maximally about four- 
fold). Much more reproducible was the tendency for 
Ad5tsl25-infected cells to express early viral genes sooner 
than WT Ad5 or Ad5dl802-infected cells and at higher levels 
at the earlier times (4 to 9 h p.i.; this can be observed for all 
early regions in Fig. 8Aj. Since the DBP-negative mutant 
Ad5dl802 behaves much more similarly to WT Ad5 than to 
Ad5tsl25, we conclude that DBP does not have a significant 
negative effect on the accumulation of E1A, E1B, E3, or E4 
mRNAs in infected HeLa cells monolayers when DNA 
replication is tightly blocked. No conclusions can be drawn 
concerning the negative regulation f E2A by DBP, since 
Ad5dl802 fails to properly initiate E2A expression. 
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DISCUSSION 

In this report a genetic system is described which can be 
used to construct Ad5 mutants of any desired E2A genotype. 
The E2A mutations were first engineered into a cloned E2A 
gene by techniques of in vitro, site-directed mutagenesis. 
Next the cloned, mutated alleles were transfected into 
human cells with genomic DNA-terminal protein complex 
derived from an adenovirus mutant. Ad5tsl+2, which con- 
tains ts mutations in two genes flanking E2A. Homologous 
recombination occurs in the transfected cells, creating viral 
progeny which crossed out both ts mutations and crossed in 
the mutant E2A allele. These recombinants can be geneti- 
cally selected and propagated by growth at the nonpermis- 
sive temperature in DBP-producing cell lines (27). This 
protocol was used to isolate and propagate five Ad5 E2A 
deletion mutants, designated Ad5dl801 through Ad5dl805. 

In the course of these experiments, it was discovered that 
the transfections need not be carried out in the DBP- 
producing cell lines. Four of the five deletion mutants 
described here were isolated after transfection of the 
noncomplementing but highly transferable 293 cell line. Our 
results are most easily explained by assuming that recombi- 
nants constitute only a minor fraction of the viral templates 
in any given transfected ceil. Thus the E2A mutants need not 
be complemented by the cell line since they are efficiently 
complemented by the DBP produced by the many Ad5tsl-*-2 
templates. Consistent with this model is the observation that 
no recombinants were recovered when the transfection 
protocol was carried out at the nonpermissive temperature 
(Table 1). Recombinant genomes probably are formed at the 
nonpermissive temperature, but are not packaged due to the 
large amount of defective 100K and hexon polypeptides 
produced by the numerous Ad5tsl + 2 templates. 

Although the protocol described allowed the construction 
of several E2A mutants, two factors limit its general effi- 
ciency as a means of isolating large numbers of DBP 
mutants. First, the system requires the E2A mutations be 
introduced into the pAd5HA plasmid. since it is the smallest 
E2A-containing plasmid which can also rescue both muta- 
tions of Ad5tsl+2. The pAd5HA plasmid, however, is 
relatively large and therefore is not easily manipulated in 
vitro. We currently are testing other strategies for introduc- 
ing a cloned E2A allele into the adenovirus genome which 
may allow us to use smaller E2A-containing plasmids. The 
second factor which has limited the utility of this system is 
the fact that E2A-defective mutants fail to form viral plaques 
on the complementing gmDBP ceil lines. This failure is 
probablv due to the relatively inefficient growth of the E2A 
mutants in the gmDBP cell lines (see Table 2). Since several 
rounds of viral replication normally are required to create a 
visible adenovirus plaque, the reduced yield of the mutants 
combined with the limited viability of the gmDBP monolay- 
ers during a plaque assay (about 9 days at 37°C) is probably 
responsible for the inability to detect plaques. 

The failure of the DBP-defective mutants to form plaques 
results in two important problems with respect to the sudy of 
these mutants. First, the number of infectious virus in a 
mutant stock cannot be directly titrated in a plaque assay. 
Fortunately, we obviated this problem by titrating the mu- 
tant stocks on HeLa cells using a helper virus. The second 
and more serious problem is that, without plaque formation, 
E2A mutants cannot be directly isolated from a virus popu- 
lation. This is particularly serious since rescue of Ad5tsl+2 
with E2A deletion plasmids often creates a small class of 
double recombinants which are WT for E2A and can rapidly 
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outgrow the desired E2A mutants. Plaque formation would 
also allow the transfection protocol to be carried out with a 
collection of mutagenized plasmids, rather than a single 
mutant plasmid. Large numbers of individual viral mutants 
could be isolated from a single mutagenesis and transfection 
experiment and screened for desired phenotypes. 

The E2A deletions in Ad5dl801 and Ad5dl802 extended 
very near to the amino terminus of DBP-coding sequences. 
Since these deletions also caused frameshift mutations, both 
mutants were predicted to encode small proteins with very 
limited identity to DBP. This expectation was upheld for the 
mutant Ad5dl802, which made no detectable DBP-related 
polypeptide and thus represents the first DBP-negative ade- 
novirus mutant. Ad5dl801, however, unexpectedly pro- 
duced two DBP-related proteins of approximately 40 and 37 
kDa. Although we have not yet investigated the origin of 
these proteins, it is interesting that Asselbergs et al. (6) have 
identified rare E2A mRNAs which can be translated in vitro 
into DBP-related proteins of similar size. 

All five of the E2A deletion mutants appear to be abso- 
lutely defective for growth in HeLa cells, thus verifying the 
expectation that DBP is an essential adenovirus protein. It 
was also demonstrated that Ad5dl801 and Ad5dl802, and 
probably Ad5dl803 through Ad5dl805, are completely de- 
fective for viral DNA replication. Since most previously 
isolated adenovirus mutants which are DNA replication 
defective are to some extent leaky, it seems likely that the 
E2A deletion mutants described here are the tightest DNA 
replication-negative mutants in existence. As such, they may 
be useful for the study of the regulation of those adenovirus 
functions, such as late gene expression (44). which are 
dependent on viral DNA replication. 

The hr mutant DBP carries out an activity in monkey cells 
which enhances the expression of late viral genes (29). The 
large T antigen of SV40 is functionally similar to DBP in that 
it can also enhance late adenovirus gene expression in 
monkey cells (8). In the case of T antigen, the enhancement 
activity is carried out by an independent functional domain 
at the carboxyl terminus of the protein, since this domain 
can function even when attached to other polypeptide%(15, 
45). We have suggested previously that the amino-terminal 
portion of DBP defines an analogous, and perhaps indepen- 
dent, functional domain (40). Evidence for this came from 
the study of the E2A double mutant Ad2ts400 which con- 
tains both an amino-terminal hr mutation and a carboxy- 
terminal ts mutation. Ad2ts400 was able to enhance late viral 
eene expression in monkey cells at the nonpermissive tem- 
perature, even when the Ad2ts400 DBP was nonfunctional 
for viral DNA replication. The mutant Ad5dl804 was con- 
structed to test directly whether an amino-terminal portion 
of DBP containing the hr mutation could function as an 
independent domain. This mutant encodes a protein in which 
the amino-terminal 228 amino acids of the Ad5hr404 DBP are 
fused to 43 amino acids translated from an alternate reading 
frame. When Ad5dl804 was coinfected with Ad2 into mon- 
key cells, however, enhancement of late viral gene expres- 
sion did not occur. Several interpretations of this result are 
possible. First, the amino-terminal portion of DBP may not 
define a functionally independent domain, requiring some or 
all of the carboxy-terminal portion for activity. Alternately, 
the amino-terminal portion may define an independent func- 
tional domain, but the particular conformation of the 
Ad5dl804 polypeptide, perhaps because of its abnormal 
carboxy terminus, renders this particular protein non- 
functional. Another possibility which cannot be ruled out is 
that the Ad5dl804 portein failed to enhance late gene ex- 
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pression because it was not produced in sufficient quantities. 
Indeed, immunoblot analysis indicated that the steady-state 
level of the Ad5dl804 protein in the coinfected cells was 
reduced approximately 10- to 40-fold compared with the 
level of DBP in a WT infection. Additional DBP mutants, 
which efficiently express only the N-terminal domain, will be 
required to distinguish among these possibilities. 

Isolation of the DBP-negative mutant Ad5dl802 allowed 
us to study adenovirus early gene expression in the absence 
of any DBP-mediated regulation. Results of previous studies 
which involved the microinjection of purified adenovirus 
genes or' mRNAs into mammalian cells suggest that DBP 
may be required for or have a stimulatory effect on the 
expression of E1B (42) and E4 (41). Results of our experi- 
ments, however, indicate that DBP does not positively 
regulate the mRNAs of these genes in infected HeLa cells. It 
is important to note that since both microinjection studies 
assayed gene expression at the protein level, it remains 
possible that DBP stimulates translation of E1B and E4 
mRNAs in HeLa cells. 

These experiments unexpectedly show that Ad5dl802 fails 
to normally express E2A, as steady-state levels of Ad5dl802 
E2A mRNAs were consistently reduced approximately five- 
fold compared with that of WT infections. Two hypotheses 
can be proposed to explain these data. First, DBP may be a 
positive /rfl/rs-acting regulator of its own gene. Second, and 
perhaps more likely, is the possibility that the E2A deletion 
in Ad5dl802 causes a c/s-acting defect which prevents 
efficient E2A expression. The sequences removed by the 
deletion may be required for efficient E2A transcription or 
RNA processing, or perhaps the altered Ad5dl802 E2A 
mRNA has a shorter half-life. Preliminary analysis has 
indicated that Ad5dl801-infected HeLa cells exhibit a simi- 
lar deficiency in the expression of E2A mRNA. 

Results of studies with ts E2A mutants such as Ad5tsl25 
have suggested that DBP negatively regulates expression 
from several early regions, since Ad5tsl25-infected cells 
accumulate abnormally high levels of early mRNAs at inter- 
mediate and late times after infection (7, 10, 11, 39). In our 
experiments overaccumulation of E1A, E1B, E2A, E3, and 
E4 mRNAs was sometimes observed in Ad5tsl25-infected 
cells at later times (12 to 20 h p.i.), but the effect was variable 
and never dramatic. A more reproducible effect of the 
Ad5tsl25 mutation was the tendency of Ad5tsl25-infected 
cells to express early mRNAs sooner than WT Ad5 and in 
higher amounts at these early times (4 to 9 h p.i.). Although 
we do not understand the discrepancy between these and 
previous results concerning Ad5tsl25, perhaps variables 
such as the cell lines used are important. These studies used 
monolayer cultures of HeLa cells while previous studies 
which reported larger differences used HeLa cell suspension 
p, 40) or KB suspension (10, 11) cultures. It may also be 
important that we used hyroxyurea to inhibit viral DNA 
replication, since cytosine arabinoside, the drug used in 
previous studies, in our hands often was not completely 
effective at inhibiting DNA synthesis. Repression of early 
fiene expression by DBP may depend on a low level of DNA 
replicati n or certain physiological conditions which may 
°ccur in the presence of cytosine arabinoside but not in the 
Presence of hydroxyurea. 

If DBP were an important negative regulator of early 
n *NA levels, one would expect that the DBP-negative 
Mutant Ad5dl802 would have a more dramatic phenotype, 
'■ e M different from that of WT Ad5, than the ts DBP mutant 
^d5tsl25. This was not the case. Although Ad5dl802- 
Wected HeLa cells sometimes showed slightly enhanced 



levels of early mRNAs compared with WT-infected cells, 
most often little (<tw fold) or no difference was observed. 
In no experiment did the DBP-negative mutant accumulate 
higher amounts of early mRNAs than did Ad5tsl25. While it 
is impossible to exclude subtle effects of DBP, we conclude 
that DBP does not play a significant role in the negative 
regulation of E1A, E1B, E3, or E4 mRNA levels in infected 
HeLa cell monolayers when DNA replication is tightly 
blocked. , 

The E2A mutants Ad5tsl25 and Ad5dl802 thus appear to 
differ somewhat in phenotype with respect to early gene 
expression. However, since the overaccumulation of early 
RNAs observed in Ad5tsl25-infected cells was not dramatic 
and quite variable, we do not wish to overemphasize this 
difference between the two mutants. Ad5tsl25 and 
Ad5dl802 can be easily distinguished with respect to another 
phenotype, however. At 38.5°C Ad5tsl25 transforms rat 
embryo cells at a three- to eightfold enhanced rate compared 
with that of WT virus (19, 49), but Ad5dl802 as well as the 
other E2A deletion mutants transform at the same rate as 
WT (S. Rice. D. Klessig, and J. Williams, unpublished data). 
While it is not immediately apparent why an E2A ts mutant 
should have a phenotype not possessed by an E2A deletion 
mutant, it may reflect the multifunctional nature of DBP. 
Perhaps the temperature-sensitive DBP acquires altered and 
even pathological activities at the nonpermissive tempera- 
ture because of the differential inactivation of functional 
domains. 
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ABSTRACT Adenovirus vectors have proven useful for 
achieving high level expression of a variety of foreign 
genes and have many features which make them attractive 
for use as recombinant viral vaccines. The human - — 
adenovirus gencffne contains at least two regions into 
which DNA can be - inserted to generate helper independent 
vectors: early region 3 (E3) which is nonessential for 
replication of virus in cultured cells, and El, which is 
nonessential for replication in 293 cells which provide 
El functions in trans. We have developed novel approaches 
for rescue of insertions into both El and E3 and have 
used these methods as well as conventional techniques to 
construct vectors expressing dihydrofolate reductase, 
Herpes SiTnplex Virus thymidine kinase (HSV TK) , Vesicular 
Stomatitis Virus glycoprotein G (V5V G) , and HSV 
glycoprotein B (HSV gB) and HSV gC, as well as the 
glycoprotein encoded by rabies virus. Both the V5VG and 
HSVgB recombinants produced high levels of the 
corresponding glycoprotein in infected human cells and 
cells of other species. The V5V vector elicits 
neutralizing antibody in a variety of different animals 
including pigs, dogs, cows and mice. The HSV gB 
expression vector has been shown not only to induce 
production of circulating antibody in infected mice, but 
to be able to protect jnicx* against a subsequent challenge 
with HSV. 
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INEEOIIJCTION 

An exciting prospect arising frcm the application of 
recombinant ENA technology to the diagnosis and prevention of 
disease is the development of mammalian virus vectors for 
delivery and expression of antigens in suitable host cells or 
for use as live virus vaccines. An ideal vector is a non- 
pathogenic virus whose genome allows insertion of foreign 
genes under the con tr ol of appropriate promoters and allows 
subsequent delivery and expression of the foreign genes in the 
desired host. For example, the development and character- 
ization of vaccinia virus vectors is well advanced and their 
efficacy in animal immunization is veil documented (1,2) . 
Although the ptoblem of vaccinia virus toxicity still 
mitigates against their quick acceptance as human and animal 
vaccines (3) , great strides have been made in modifying the 
virus to reduce toxicity and the vaccinia system has amply 
demonstrated the potential of virus vector vaccines. It is 
highly unlikely that a single vector system will suffice as a 
vaccine in all situations and for all pathogens, TVs work with 
recombinant viruses pr o gre sses; numerous factors including the 
stability of the vector, in administration, site of 

replication , as well as the replicative biology of the vector, 
will i play a part in determining the utility of this 
approach. Human adenoviruses have a number of advantages as 
potential virus vaccine vectors and as expression vectors for 
the study of proteins of other organisms ♦ Their genome is 
reasonably large, 30-4014), so that genes encoding an average 
sized protein can be inserted into nondef active vectors. 
Adenoviruses are able to express large amounts of virus coded 
proteins in infected cells, offering the potential for 
expression of correspondingly large amounts of foreign gene 
products, and human adenoviruses have been extensively 
characterized both genetically and biociiemically (4) - From the 
point of view of vaccine development it is raterorthy that a 
live vaccine consisting of human adenoviruses types 4 and 7 
has been used extensively by the OS military since the early 
1970 's (5). 

Two regions of the Ad5 genome are available as insertion 
sites for foreign ENA sequences • One of these is E3 which 
extends from 76.6mu to 86.0mu and is nonessential for viral 
replication in cultured cells, and the other is El (1-3- 
H.2mu) which is nonessential for viral replication in 293 
cells (6) • E3 contains two convenient Xbal sites at 78.5mu and 
84.7mu *Aiich can be used to delete 1880bp and to provide a 
restriction site for insertion of foreign DNA sequences. The 
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resulting vectors, though lacking E3 functions, are capable of 
replicating in cultured cells as well as in vivo (7) . An 
advantage of insertions in region El is that these render the 
virus defective (limited to replication in 293 cells) which 
provides good bioc oi i ta i i nuei it for work with vectors expressing 
potentially pathogenic antigens. Deletion of El sequences and 
substitution of foreign DNA results in a highly attenuated 
expression vector capable of only very limited replication in 
normal human cells , a property which may have advantages for 
certain applications. 

RESULTS 

i The methods used for insertion of foreign DNA into El or 

; E3 are basically similar. Briefly, the gene to be inserted is 
I Lti m wed so that there are no initiation codons upstream of the 

genuine site of initiation and the coding sequences are 
j inserted into an expression cassette which for many of our 
> constructs consisted of the SV40 early promoter, a polycloning 

site, and the transcription termination and polyadenylation 
| signals fr om the SV40 large T Ag gene. Tnis"rxmbinafcian of 
| control elements was chosen on the assumption that the SV40 
j early promoter would drive expression of genes inserted into 
either El or E3. Subsequent analyses, as discussed- below, 
suggested that at least for some inserts in E3 the SV40 
sequences did not function as a strong promot e r but may serve 
j as a splice a ccep tor for transcripts originating in upstream 
I adenovirus sequences. For some expression vectors we utilized 
controlling sequences other than those of SV40. The cassette 
is flanked on either side by Xbal sites which are used to 
transfer the cassette into Xbal cloning sites in either El or 
| E3 of appropriate Ad5 vectors. Actual rescue of the insert 
| into the genome of infectious virus can be achieved by a 
I variety of methods, These can be broadly grouped into two 
j classes: conventional techniques utilizing DNA extracted from 
; purified virions (cf Fig. 1) , or novel techniques we have 

developed utilizing bacterial plasmids containing the entire 
i Ad5 genome in infectious form (cf Figs. 2-3) . 

! vector Construction Using Infectious Adenovirus Plasmids 

We have shown that adenovirus DNA circularizes in 
i infected cells (8) and have used this phenomenon to isolate 
bacterial plasmids which contain the entire Ad5 genome with 
ends covalently joined, and which are able to regenerate 
infectious virus following transfection of human cells (9) . 
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B. Insertion into E3 




Figure l. Examples of adenovirus vector construction using 
conventional approaches* A: Ad5 d!309 ENA is cut with Clal and 
Xbal and mixie^ with plasmid IHA cxxitaining the left end of Ad5 
with an insert of foreign DNA (hatched segment) . Transf ection 
and in vivo recombination results in rescue of the insert into 
infectious virus. B: a similar approach for obtaining rescue 
into E3- Alternative methods involve in vitro ligation of 
plasmid DNA segments to fragments of virion ENA prior to 
tranfection of 293 cells. 

For seme purposes the use of such plasmids in the manipulation 
of the viral gencsre has a number of advantages over the use of 
infectious virion ENA. Firstly plasmid ENA is much more 
<arvTr*narn r*^i and easier to prepare than viral ENA, and can be 
manipulated and analyzed much more rapidly. Secondly the 
variety of alterations which can be made in viral sequences 
propagated in bacterial plasmids is much greater than the 
change whicii can be introduced in a molecule whose infect— 
ivity must be maintained. An example is illustrated in Fig. 2 
which outlines a novel approach for rescue of El inserts or 
mutations into Ad5. ffe started with pFG140, a circularized 
form of Ad5 dl309 carry ir^ a 2.2Jd> IMA insert (pMX2) encoding 
Apr and a bacterial origin of replication and by a series of 
simple recombinant ENA manipulations converted it to pJMDL7 
(10) which is similar to pFG140 but has a 4.3kb insert. FFG140 
is infectious but the pBRX insert in pJM17 exceeds the 
packaging capacity of the Ad5 capsid. As a result transfection 
of 293 ™>n<* can only give rise to infectious virus following 
rearxangsrents which reduce the net size of pJM17 and this 
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Figure 2. Construction and use of pJM17 for efficient rescue 
of foreign TNA into El. Plasmids in B are represented as 
linear but are actually transfected as intact circular EM&. 



happens only very inefficiently. Ctotransfection with pJM17 and 
plasmids containing the left end of Ad5 greatly enhances 
infectivity and 80-100% of the viral progeny arise from 
reconciliation between the cotransfected plasmids (Fig. 2B) 
providing a simple and efficient method for rescuing El 
mutations and insertions into infectious virus (10) . 

Fig. 3 illustrates two additional methods for using 
i infectious plasmids to manipulate the Ad5 genome, this time 
j for introducing insertions into E3. In the experiment shown in 
i Fig. 3A we used pFG144 (11) , a plasmid derived from a viral 
vector, dlEl^, with deletions in El and E3 (12) , and carrying 
an insert of pMX2 in the E3 region. Substitution of pMX2 by 
pPB3 generated a Nm 1 " plasmid which, following transfection of 
j 293 cells, is able to produ ce infectious virus encoding 
i resistance to G418. In the experiment shown in Fig. 3B, pFB3 
I (NmF) was substituted with an Ap r plasmid containing the HSV 
| gB gene linked to the SV40 promoter to generate pGGCl61. Hie 
latter was used to txansfect 293 cells resulting in an El" E3~ 
virus, AdgBl, expressing the KSV gB gene product (13) . Fig. 3C 
I illustrates yet another approach to rescuing genes into Ad5. 
I in this case we constructed a plasmid with an insertion at an 
j EooRI site just to the left of E3 in the Ad5 genome. Because 
this is an essential region of the viral genome this had the 
effect of rendering the plasmid non infectious. Gotransfection 
of 293 cells with pFG154neo and a plasmid containing 
overlapping Ad5 sequences plus an insert of BSVgB resulted in 
recombination to generate infectious virus containing gB (13) . 
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Figure 3. Construction of infectious plasmids containing the 
gene for neomycin (G418) resistance (A) or HSVTgB (B) . The gB 
coding sequences (hatched segment in pgBXL3 and pGGCL61) were 
linked to the SV40 early promoter f solid segment) - .C: Rescue 
of the HSVgB gene into E3 of an FJT virus by cotransfection. 



This virus, AdgB2 , contains an intact El region, and the SV40 
early promoter linked to the coding sequences of gB oriented 
left to right, ie in the same direction as transcription from 
E3 and the major late p romo t er. In contrast the SV40— gB 
chimeric gene in AdgBl is in the opposite orienta t i o n. 

Using conventional techniques such as those outlined in 
Fig. 1, and novel methods as just described, we have 
constructed and begun to characterize a number of vectors 
ca rrying genes encoding various viral glycoproteins. 
Properties of vectors encoding HSV1 gB are described below. 

Expression of gB by AdgB Vectors. 

Fig. 4 shows production of gB in AdgBl infected 293 , 
Hela, or mouse IHA cells. Because. AdgBl lacks £1 it replicates 
efficiently only in 293 cells and there is a correspondingly 
efficient expression of gB in these cells. There also appears 
to be efficient processing from the nonglycosylated precursor 
to a species which migrates on SDS-EAGE with a mobility 
identical to that of the nature protein seen in HSV1 infected 
cells. In con tr ast to AdgBl, the El + vector, AdgB2, is able to 
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Figure 4 . -Expression of gB in cells infected with AdgBl. 
Infected cells were labelled with 35 S-met from 8 to 24hr post 
infection and cell extracts were jjranuncprecipitated with a 
polyclonal anti-gB serum_and analyzed by SDS— EfiGE- 

elicit efficient expression of gB not only in 293 cells but 
also- in human Hela and F970 cells as well as mouse r^TIs 
(lines tta . and Z4) at rates comparable to levels of expression 
in HSV infected cells (Fig. 5) . 




Figure 5. Expression of gB in AdgB2 or KSV1 infected human and 
mouse cells. DmnuTKsprecipitations were done with a monoclonal 
anti-gB Ab. 
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The time course of expression of gB in human R970 cells 
infected with H5V1 (moi 10) or AdgBl or 2 (moi 20) is shown in 
Fig. 6. It is apparent that gB is only synthesized at 
appreciable levels late in infection with AdgB2 (after llhrs 
past infection) . In AdgBl infected cells expression is very 
inefficient (exposure time for the autoradiogram showing AdgBl 
expression was 6 times longer than for the other infections) 
and is detectable only at very long times post infection. 




Figure 6. Time course of gB expression in human R970 cells 
infected with HSVX, AdgBl, or Adgb2. 

Because expression of gB in AdgB2 infected nel 1 s had 
kinetics similar to that of late genes, and because it had 
been reported previously that a promoterless gene inserted 
into E3 of Ad5 may be expressed from transcripts originating 
from the major late promoter (7) , we carried out SI and primer: 
extension analyses of iriRNA isolated from AdgB2 infected cells. 
One results of those studies (13) indicated that the SV40 
prom ot e r was not responsible for driving tr an scription of the 
gB-SV40 chimeric construct to any signifigant extent but 
rather that the SV40 sequences may serve as a splice acceptor 
site for transcripts originating in Ad5 sequences upstream. 

Protection Studies. 

Although mmiqp! ^»nq are relatively nonpermissive for 
replication of human adenoviruses the levels of expression of 
gB in AdgB2 infected mouse cells were nevertheless quite 
significant. This encouraged us to carry out preliminary 
studies designed to af=q=»g-s whether immunization of mice with 
AdgB2 protects against a subsequent challenge with HSV. Ihe 
results of two experiments (Fig. 7) indicate that AdgB2 was 
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Figure 7. AdgB2 induced protection against HSV2. BALB/aJ mice 
were inoculated irrtraperitoneally 3 times at weekly intervals 
with 5xl0 7 pfu of purified AdgB2 or appropriate control 
viruses and challenged with 10 6 pfu of HSV2 one week after the 
last adenovirus inoculation. The inset shows the r es ul t s of 
assays on anfci-gB serum titres for individual mice in the 
first experiment. p^fIv^ lines r ep r esent sera of mice which 
died within 1-2 months post HSV2 infection and solid lines 
represent survivors. 

able to provide significant protection against killing by H5V2 
(HSV2 challenge was used in these experiments b» a ranse previous 
studies had determined the appropriate parameters for this 
serotype in the mouse model. Similar studies are currently 
underway with HSV1.) In experiment 2 in which mice were 
exposed to an adenovirus vector which does not carry the gB 
gene, or to UV inactivated AdgB2, there appeared to be 
enhanced susceptibility to subsequent challenge with HSV2. The 
reasons for this effect (if it is indeed a real effect given 
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the small numbers of animals used in these experiments) are 
presently unclear. 

Just prior to challenge with HSV2, serum samples were 
obtained from all mice and analyzed for antibody (Ab) titres 
against HSV1 gB by ELTSA (Fig. 7, inset) . Two observations are 
noteworthy from these analyses. Firstly, not only did AdgB2 
inoculation induce high levels of Ab against gB in all mice, 
but UV inactivated AdgB2 was also capable of inducing Ab at 
levels significantly above background (though lower than with 
live AdgB2) suggesting that UV treatment did not totally 
abolish the ability of AdgB2 to express gB in vivo . Secondly 
there appeared to be no correlation between circulating Ab 
levels and sensitivity to HSV2 infection. 



DISCUSSION — 

Adenovirus vectors provide an additional tool for the 
molecular biologist interested in -expressing and studying gene 
products in novel contexts. Depending on the c on s tr uct, 
expression can be highly efficient and can nmir in npl "K from 
a variety of different species, including cell types in which 
human adenoviruses normally replicate very poorly. Our results 
as well as a previous report (7) suggest that inserts in E3 
can be expressed as a result of transcription driven by the Ad 
E3 or major late pro moter but this may not be a universal 
phenomenon. Identification of controlling elements which can 
guarantee high level expression of E3 inserts will require 
further study and is likely to be a largely empirical process. 

From the point of view of development of adenovirus 
vectors as recombinant vaccines the results of our preliminary 
in vivo studies are encouraging. A vector expressing VSV G has 
been used to raise neutralizing Ab against VSV in several 
different species, and AdgB encoding HSV1 gB was able not only 
to elicit circulating Ab specific for gB but was able to 
provide partial protection of mice against a subsequent 
challenge with HSV. 
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SUMMARY 

Wc have constructed recombinant adenoviruses (Ad), with functional or defective Ela genes, which harbor either the 
hepatitis B (HB) virus s gene encoding the HB surface antigen, as well as the pre-S2 epitopes, or the bacterial gene encoding 
chloramphenicol acetyltransferase (CAT) under control of the Ad major late promoter (MLP). The recombinant viruses 
defective for Ela (Ad.MLP.S2 and Ad. CAT), which can be efficiently propagated only on 293 cells that complement this 
defect, and the nondefective (Ad.MLP.S2.ElA) recombinant were used to infect a wide spectrum of cells of different origin. 
The yields of HBs and CAT proteins obtained with these different recombinant viruses demonstrate no real advantage to 
using nondefective vectors, whatever the cell type infected. The injection into chimpanzees of Ad.MLP.S2 does not elicit 
the production of antibodies, but can immunologically prime the animals, resulting in a partial protection against HBV 
challenge. 



INTRODUCTION 

The human adenovirus (Ad) presents several advantages 
which can render it a generally useful vector to express 
foreign genes (Ballay et al., 1985). 
^ In this study, we describe the construction of £7a-defec- 
tivc and nondefective recombinant adenoviruses, and com- 
pare the efficiencies of expression of the cloned genes in cell 
culture (i.e., the HBV middle envelope * protein gene, 
including the s and the pre-j2 regions of the s gene, and the 

Correspondence to: Dr. M. Perricaudet, Institut Gustave Roussy, rue 
Camille Desmoulins, 94805 Villejuif Cedex (France) Tel. (33- 1)45594483 ; 
Fax (33-1)47269274. 

^bbrcvuitjons: Ad, adenovirus; Ag, antigen; anti-HBc, antibodies 
Wmst HB core Ag; anti-HBs, antibodies against HB surface Ag; bp, 
« Pair(s); CAT, chloramphenicol acetyltransferase; cat, gene encoding 
; £ ta, gene encoding E1A; £76, gene encoding E1B; HB, hepatitis 



bacterial reporter gene cat). These recombinants make use 
of the adenovirus major late promoter and a nearly com- 
plete copy of the tripartite leader sequence to express the 
foreign genes (Chow et al., 1977; Lewis et al., 1984). When 
injected into rabbits, Ad.MLP.S2 elicits the production of 
antibodies against the middle and major envelope proteins. 
However, only one out of the two chimpanzees inoculated 
with this same recombinant was fully protected against 
hepatitis following a challenge with HBV, while the other 
experienced a modified HBV infection. 

B; HBV, HB virus; ID, infectious dose; I.U., international unit(s); kb, 
kilobase(s) or 1000 bp; ML/\ major late promoter; moi, multiplicity of 
infection; m.u., map unit(s); nt, nucleotide(s); p.i., post infection; P/N, 
positive/negative; Pollk, KJenow (large) fragment of E. coli DNA poly- 
merase I; pfu, plaque-forming unit(s); pre-S2, middle envelope protein of 
HBV; pre-^2, pre-S2-encoding region; RIA, radioimmunoassay; j, gene 
encoding HBsAg; S, major envelope protein of HBV; SV40, simian virus 
40; wt, wild type. 
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Fig. 1. Construction of plasmid pMLP10.S2. The structure of pElA taqI has been presented elsewhere (Baliay etal., 1985). Essentially, it retains the 
leftmost 631 bp of Ad5. Plasmid pVJ was obtained by deletion of the Ela sequences (nt 455-625) using Pvull. The adenoviral DNA fragment Sall-D 
(nt 9455-9835), which contains the entire third leader was inserted into the Sail site of pVA (plasmid pVd-SallD). Plasmid pcDNAL, containing the 
leader sequences derived from an Ad2 cDNA clone, was digested with Xhol + Pvull while pBalIEAd2 (14.7-21.5 m.u.), which contains the MLP, was* 
digested with Taql + Pvull. The fragments of interest were then inserted between the Clal and Xhol sites of pVA-Satl-D. The resultant plasmid/ 
pVA -MLP + L, contains the Ad2 MLP and the intact leader sequences, flanked on their left by the leftmost 455 bp of Ad5 virai genome. This plasmid 
was linearized by Sail and mildly digested with exonuclease BAL 31 to remove the splice donor site located at the end of the third leader EcoRl BAL 
31 fragments were inserted between the EcoKl and Pvull sites of pVJ. One clone named pMLPIO was found to retain the first and second Ad2 leaders 
and 80 out of the 90 nt of the third leader. Plasmid pMLP10.S2 was constructed by inserting the fragment Mstll-Bglll (nt 3 161-1982) of the HBV genome 
coding for the HBsAg as well as for the pre-S2 epitopes between the HMlll and the BamHl sites of pMLPIO after fiiling-in the ends. The MstU site 
precedes the start codon of the pre-s2 region by 9 nt, whereas the Bglll site is located 64 nt downstream from the poly(A)-addition signal of the s gene, 
Open boxes, sequences for Ad left end ; blackened boxes, M LP from Ad ; open boxes marked 1 , 2 and 3, Ad leader sequences ; stippled boxes, HBV sequence; 
thin line, plasmid sequence. 
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RESULTS AND DISCUSSION 

I 

(a) Construction of the adenovirus HBV recombinants 

The Ad5 recombinants Ad.MLP. S2, with most of the 
£la region substituted by a chimeric gene, and 
/Vd.MLP.S2.ElA, similar to the former but containing a 
functional Ela gene, were constructed according to the 
protocol previously described (Ballay et al, 1985). To con- 
struct Ad.MLP.S2, a short DNA fragment containing a 
Clal site was inserted into the Nrul site of plasmid 
' p MLP10.S2 (Fig. 1) to allow the ligation of the pMLP 
I 10.S2 Pst\-Cla\ fragment to the large Clal fragment of 
I Ad5dl327 DNA (2.6-100 m.u.). In the case of Ad.MLP. 
I S2.E1A, the Pstl-Clal fragment of pMLP.S2.ElA (Fig. 2) 
| was directly ligated to the large Clal fragment of Ad5 d!327. 
I 

j (b) Construction of the adenovirus cat recombinants 

Recombinant plasmids pMLP.CAT, pMLP.CAT.ElA, 
and pMLP.CAT.inv. were used to generate corresponding 
viruses Ad. CAT, Ad.CAT.El A, and Ad.CAT.inv. (Fig. 3). 
In Ad. CAT and Ad.CAT.El A, the DNA segment encoding 
the CAT protein is positioned downstream from a series of 
sequences : the Ad5 left terminus (nt 1-455 of Ad5), the Ad2 
ML/\ a cDNA sequence encoding the Ad2 tripartite leader; 
it is followed by splicing (nt 4705-4099) and polyadeny- 
lation (nt 2770-2553) signals from SV40. Furthermore, the 
^ ligation allowed creation of a full copy of the Ela gene. In 
the case of the Ad.CAT.inv., the hybrid transcription unit 
is also located downstream from the Ad5 left terminus, but 
in a reverse orientation with respect to viral replication 
sense. 



(c) Growth characteristics and host dependence for viral 
replication of the adenovirus rec mbinants 

To compare the growth of the Ad.MLP. S2 and 
Ad.MLP.S2.ElA recombinants in 293 cells and in human 
cells not transformed by Ad5 (HeLa and HepG2 cells), 
virus stocks were titrated on these three cell types in a 
plaque assay. Equivalent titers were found for wt strain and 
both recombinants on 293 cells. The defective recombinant 
Ad.MLP.S2 produced no detectable plaques on HeLa 
cells, and only a small number of plaques on HepG2 cells. 
Stocks of the Ad.MLP.S2.ElA virus on HeLa or HepG2 
cells were comparable to those obtained on 293 cells, thus 
demonstrating this virus' ability to behave, at least in vitro, 
as a nondefective, fully competent, wt adenovirus. 

With regard to the cat recombinant viruses, each one 
replicates to levels equivalent to Ad5dl327 in 293 cells. 
However, plating efficiency of Ad.CAT.El A was identical 
on 293 and Vero cells, showing the restoration of a 
functional Ela gene for the latter virus. 

(d) HBsAg and CAT activity expressed by the recombinant 
adenoviruses 

The infection of 293 and Vero cells by Ad.MLP.S2 at a 
moi of 10 pfu per cell (as determined by titration on 293 
cells) leads to an accumulation in the medium of HBsAg of 
6 ^zg/10 6 cells and of 1 1 /ig/10 6 cells, respectively (Fig. 4A). 
HBsAg particles showed a density of 1.2 g/cm 3 and carry 
both middle and major HBV envelope proteins (Fig. 4B). 

In view of the usefulness of a eukaryotic vector able to 
express foreign genes at high levels in a wide spectrum of 
mammalian cells, we tested our recombinant in several cell 
lines of different species and embryological origins 
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F 'g- 2. Construction of plasmid pMLP.S2.ElA. To construct the plasmid pMLP.S2.ElA, the Clal site of pMLP10.S2, created at the end of the HBV 
sequences by ligation of the Pollk-filled ends of BglU and BamHl, has been used to insert the adenovirus fragment Sacll-Xbal (nt 353-1340). Thick 
lines correspond to pBR322 sequences while the cloned nt sequences are boxed. HBV genes, not drawn to scale, are represented as dashed lines. 
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Fig. 3. Construction of Ad.CAT recombinant viruses from plasmids pMLP.CAT (plasmid A), pMLP.CAT.El A (plasmid B) and pMLP.CAT.inv. (plasmid 
C). Plasmid pMLP.CAT has been obtained by inserting between the Hindlli and Bam HI sites of pMLPIO, the Hindlll-BamHl fragment from pSV.CAT 
containing the cat region followed by the SV40 intron and polyadenylation sequences. A Clal site was subsequently inserted into the Nrul site of 
pMLP.CAT to construct the recombinant adenovirus following the same way reported for plasmid pMLP10.S2. Plasmid pMLP.CAT.El A was 
constructed by insertion of a Sacll-Clal fragment, containing nt 353-917 from the left end of Ad5 [except for nt 916, changed to C (underlined), and 
nt 923 changed to T (underlined), using the synthetic oligo 5 '-GGCAGGTAACATCG ATTACCTCCGG, and a mutagenesis kit supplied by Amersham] 
between the unique flam HI (filled with Pollk) and Clal sites of pMLP.CAT. Thus, this plasmid contains the 5 '-terminal part of the Ela gene, downstream^ 
from the cat gene and in the same orientation. In regard to plasmid pMLP.CAT.inv., a 117-bp Sacll fragment (generated from the Sacll sites located 
at nt 353 and 5794 in the genome of Ad2) was excised from pMLP.CAT and replaced by a synthetic linker Sacll-BamHl-SaclL This modified plasmid 
was fully cleaved with Bam HI and then self-ligated to obtain recombinants containing the hybrid transcription unit (Ad.MLP plus tripartite leader plus 
cat gene) in a reverse orientation. Plasmids were digested with Pvu II + Clal, ligated to the large Clal fragment of Ad5dl327 and the ligation mixture 
was used to transfect 293 cells (Graham and Van der Eb, 1973). ITR, inverted terminal repeat of Ad; ML/*, major late promoter and tripartite leaders; 
i SV40, intervening sequence of SV40. 



(Table I). The defective Ad.MLP.S2 drove the synthesis of 
substantial, although variable, amounts of HBsAg in all the 
cell lines tested. These levels were usually higher than those 
obtained with the nondefective Ad.MLP.S2.ElA recom- 
binant in all the cell lines but those of lymphoid origin. 
Under the conditions used in these experiments, the rapid 



onset of a lytic infection with the nondefective recombinant 
may account, at least in part, for this phenomenon. In cells 
of lymphoid origin, it has been demonstrated that, even in 
the presence of fully competent wt adenovirus, several steps 
in the adenovirus replicative cycle are not efficient (Silver 
and Anderson, 1988). In this context, the combined effects 
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TABLE I 

Levels of expression of HBsAg after infection with the recombinant 
adenovirus 

Cell lines 11 Recombinant adenovirus 



Human 

293 
HeLa 
HepG2 
Raji 

EBV lymphoblastoid 

Simian 
Vero 

Mouse 

NIH3T3 

L 

Rabbit 
RK13 

537 



Ad.MLP.S2 



Ad.MLP.S2.ElA 



Levels of HBsAg (ng/10 6 cells) b 



6000 
1540 
1850 
450 
1050 



11600 



850 
430 



950 
480 



3900 
1150 
1430 
2150 
1780 



5430 



780 
170 



860 
250 



a 293 (Harrisson et ah, 1977); HeLa (Gey et al., 1952); HepG2 (Knowles 
etal., 1980); Raji (Pulvertaft, 1964); NIH3T3 (Jainchill etal., 1969); L 
(Sanford et al., 1948); RK13 (Beale et al., 1963). 
b Cells were infected at an moi of 10 pfu per cell; supernatants were 
collected 120 h p.i. and tested for HBsAg reactivity as described (B allay 
etal., 1985). 



Fig. 4. Adenovirus-mediated HBs production. (Panel A) Cumulative 
amounts ofextracellular HBsAg (expressed in jzg) produced after infection 
of 10* 293 cells and 10 6 Vero cells by the Ad.MLP.S2 recombinant. 
HBsAg was detected by RIA (AUSRIA II, Abbott Labs.), and quantified 
using a parallel line assay with an HBsAg standard (20ng/ml). 
(Panel B) Autoradiograph of 35 S-labeled polypeptide material from cell- 
culture medium immunoprecipitated with rabbit anti-HBs antiserum. 
48 h after transfection, cells were grown for 1 h in methionine-free 
medium and radiolabeled for 3h with 150/iCi/ml of [ 35 S]methionine 
(1064 Ci/mmol, New England Nuclear) per dish. Medium was clarified by 
centrifugation for 1 h at 650 x g and concentrated to 50 /d using a Centri- 
con 10 micro-concentrator (Amicon). Immunoprecipitation was per- 
former! as described previously (Weimer et al., 1987) with all the concen- 
trated medium, and 5 /il of antiserum. Immunoprecipitated proteins were 
analyzed by 0. 1 % SDS-PAGE following the Laemmli ( 1970) procedure. 
After electrophoresis, the gel was soaked for I h in a solution of 30% 
roethanol/10% acetic acid, treated with Enhance (New England Nuclear) 
as indicated by the supplier, dried and exposed to an x-ray film at -70 °C. 
Lanes: 1, 293 cells infected by the Ad.MLP.S2 recombinant; 2, 293 cells 
infected by wt Ad5. P24 and GP27 represent the 24-kDa nonglycosylated 
and the 27-kDa glycosylated major envelope proteins. GP33 and GP36 
^present the middle envelope proteins glycosylated in the pre-S2 region 
0r in both the pre-S2 and the S regions, respectively. 

of the upstream Ela enhancer sequence, of the downstream 
^BV enhancer (which has been reported to work efficiently 
ln lymphoid cells) (Elfassi, 1987), and of the Ela gene 



product, contribute to the high rate of transcription from the 
Ad MLP. The level of HBsAg and of cat expression 
observed in Vero cells and in other non-Ad5-transformed 
cells is very high despite the fact that the Ad MLP is known 
to be tightly controlled throughout the viral infectious cycle. 
However, it has been demonstrated that by culturing Ad- 
infected HeLa cells for prolonged periods in the presence 
of an inhibitor of viral replication, not only is there an 
important production of Ela and Elb early gene mRNAs 
along with their corresponding proteins, but the late viral 
protein hexon, is also accumulated (Gaynor et al., 1982). 

Summarized in Fig. 5A are the results dealing with the 
intracellular accumulation of CAT, upon infection of either 
293 or Vero cells by Ad.CAT, which confirm those obtained 
with the HBV recombinants. In 293 cells, maximal accumu- 
lation occurs 48 h p.i. Then, a rapid decrease in CAT activity 
takes place, correlated with the strong cytopathic effects 
observed (Fig. 5A). Interestingly, the presence of a viral 
copy of the Ela gene does not alter cat expression. Neither 
is there a difference in CAT levels with Ad.CAT and 
Ad.CAT.ElA in 293-infected cells, or a difference between 
293 and Vero cells infected with Ad.CAT.ElA. However, 
a displacement in the activity curve is observed with 
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TABLE II 

Comparison of maximum CAT accumulation levels following infectij 
with recombinant adenovirus, in 293 cells and Vero cells 



— VERO cells 
293 cells 



120 hours 



Fig. 5. Kinetics of CAT accumulation following infection with either 
Ad.CAT (A) or Ad.CAT.ElA (B). The 293 and Vero cells were infected 
at an moi of 10 pfu/cell and harvested every 24 h. CAT transient assays 
were performed as described by Gorman et al. (1982). The % acetylation 
is given for 0.5 jig of total proteins being tested. 

Ad.CAT.ElA (Fig. 5B). The maximum CAT level occurs 
24 h p.i. instead of 48 h. We propose, as an explanation, 
that cw-acting functions are brought by the Ela gene and 
facilitate the transition from the early to the late step of viral 
replication. Alternatively, the El A could be synthesized at 
higher levels when the El a gene is brought by the viral 
genome and would thus facilitate this transition. 

To investigate the role of the El a enhancer sequence in 
our recombinants, we have constructed the Ad.CAT.inv. 
defective virus, containing the cat hybrid transcription unit 
in a reverse orientation with regard to the El a enhancer 
sequence. Maximum CAT levels are summarized in 
Table II. There is no significant difference between 
Ad.CAT or Ad.CAT.ElA, and Ad.CAT.inv. in 293 cells, 
compared to Vero cells where the maximum CAT level is 
about ten to 100 times higher when the Ela enhancer is 
adjacent to the MLP. 

Irrespective of the mechanism involved, our results indi- 
cate that adenovirus can be a generally useful vector to 
express foreign genes at high levels in a wide spectrum of 
cells. 

(e) Biological activity of Ad.MLP.S2 in rabbits and chim- 
panzees 

To test the ability of the adenovirus recombinant 
Ad.MLP.S2 to direct the synthesis in vivo of HBsAg par- 



Virus a 


Cell lines b 




293 


Vero JH 


Ad.CAT 


17 


77 2 


Ad.CAT.ElA 


20 


23 9 


Ad.CAT.inv 


20 


<5 m 



a Infections were performed at an moi of 10 pfu per cell in every casej 
Values correspond to the % of acetylation, calculated as described andj 
corrected for 0.5 /*g of total proteins. 
b For references, see Table I, footnote a. 



tides carrying pre-S2 epitopes, rabbits were inoculated i.vl 
with highly purified preparations of either recombinant or, 
wt Ad5. ^ntibodies directed against both middle and major 
HBV envelope proteins could easily be detected as of th? 
first week following the injection, as we have already 
reported (Ballay et al., 1985; data not shown). 

The ability of the recombinant Ad.MLP.S2 virus to proj 
tect against hepatitis was then tested in two chimpanzees 
which were vaccinated twice with a three-month interval b) 
i.v. administration of 10 9 pfu of the recombinant per animal 
(Fig. 6). Neither of the animals developed side effects 
during the vaccination period. All sera were negative foi 
elevations in liver enzyme activity and for evidence of expo : \ 
sure to HBV antigens. The control chimpanzee 2026 [ 
(Fig. 6) that had not received the adeno-HBV recombinant 
developed a typical B-type hepatitis. HBsAg appeared^ 
eleven weeks after the HBV challenge and reached a P/i 
ratio value of 43. Anti-HBc and biochemical evidence o| 
hepatitis were detected after 18 and 20 weeks, respectively. 
HBsAg levels declined and disappeared 30 weeks afterj 
challenge, coincident to the appearance of anti-HBs anti- 
bodies. Even in the absence of circulating anti-HBs, the 
chimpanzee Oscar was immunologically primed and the 
rapid and sustained antibody response after challenge with" 
live HBV is in keeping with this hypothesis. The same 
phenomenon of protection after challenge even in the 
absence of seroconversion to anti-HBs was also described 
by Moss et al. (1984) in chimpanzees vaccinated by a 
recombinant vaccinia virus. 

The chimpanzee Oscar, which received the recombinan' 
adenovirus, showed no detectable HBsAg or biochemica 
evidence of hepatitis. Six weeks after the challenge, anti 
HBs appeared and reached high levels that persisted during 
the rest of the experiment. On the contrary, the seconc 
animal, Theo, developed a mild case of hepatitis character- 
ized by the appearance of HBsAg 14 weeks after the 
challenge, followed by a slight elevation of alanine amine* 
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HBsAg - - 
Anti-HBc- 
ALT 




HBsAg - - 
Anti - HBc 
ALT " - 




200- 

100- J 

- 6 0 6 12 18 24 30 36 42 48 54 60 66 72 78 
Weeks 

Fig. 6. Chimpanzee vaccination. Three chimpanzees, sero-negative for 
HBV markers, as determined with commercially available RIA (HBsAg; 
AUSRIA; anti-HBs; AUSAB; anti-HBc; CORAB; antiHBc IgM; 
CORZVME M; Abbott Laboratories), were used. None of the animals 
showed evidence of hepatitis as judged by normal levels of alanine amino- 
transferase and aspartate aminotransferase. In the animals named Oscar 
and Theo, 1 ml containing 10 9 pfu of the recombinant virus was injected 
and a booster was performed twelve weeks later. The recombinant 
adenovirus stock was free of any contamination by HBsAg particles as 
judged by RIA and electron microscopy. The third chimpanzee, num- 
bered 2026, did not receive the vaccine, and served as a control. The three 
chimpanzees were subsequently challenged i.v. with 10 3 * 5 chimpanzee 
ID 5n units of live HBV (subtype ayw, strain MS-2). Oscar and Theo 
received HBV, 24 weeks and 36 weeks, respectively, after the booster 
inoculation. Such a dose and strain have been demonstrated to consis- 
tently induce HB in susceptible chimpanzees (Barker et al., 1975). Serum 
samples were obtained at weekly intervals after the HBV challenge. 
Alanine aminotransferase (ALT) activity is expressed in I.U./liter and 
levels exceeding twice the mean of the baseline are considered high and 
indicated by the symbol +. Anti-HBs antibodies are expressed as the 
ratio of sample c.p.m. : negative control c.p.m. (S/N). Positive HBsAg 
values (2.1 P/N) and positivity for anti-HBc antibodies are indicated by 
ihe symbol + . 

transferase levels. Thus, the chimpanzee Theo developed 
both serological evidence of HBV infection and biochemi- 
cal evidence of liver disease in spite of an anterior inocu- 
lation with the recombinant adenovirus. Similar results, i.e., 
Ml protection of one animal and modified HBV-induced 
disease in another, have recently been obtained using an 
°ra1 HB vaccine based on a live recombinant adenovirus 
(Lubeck etal., 1989). 

Although additional information is needed concerning 
the efficacy to induce a protective immune response in 



animals, adenovirus constitutes a useful model towards the 
development of live vaccines. In this regard, a vaccine 
containing live infectious adenovirus in an enteric-coated 
dosage form is already marketed, and has proven to be 
effective and at the same time free of significant side effects 
(Chanock et al., 1966; Edmonson et al., 1966). Moreover, 
the release of adenovirus into .the intestine is followed by its 
replication there without causing adenoviral disease, yet 
inducing the formation of adenovirus antibodies that render 
adenoviral recombinants suitable candidates for the devel- 
opment of vaccines against enteric infections. 

(f) Conclusions 

(1) No real advantage in using nondefective vectors for 
the production in cell cultures of foreign proteins can be 
demonstrated. 

(2) The HBsAg synthesized by the recombinant adeno- 
virus Ad.MLP.S2 is similar, if not identical, to material 
from the serum of human HBV carriers. The HBsAg was 
excreted as 22-nm particles carrying pre-S2-encoded deter- 
minants. 

(3) The preliminary results from chimpanzees receiving 
i.v. the Ad.MLP.S2 recombinant show that only one out of 
two injected animals was protected against a challenge with 
HBV, the second animal being insufficiently protected by 
the vaccination. The injection of chimpanzees with HB 
vaccines generally constitutes a safety test, however, the 
potential of our adenovirus recombinant as a live vaccine 
is being assessed by oral administration since this would be 
the preferred route of vaccination. 
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The respiratory epithelium is a potential site for somatic gene ^^ ""T 
ZStly disorders ^-antitrypsin (odAT) deficiency and cystic fibrosis. A rcplica- 
CSLt adenoviral vector (Ad-otlAT) containing an f^^^J^ 
Imoter and a recombinant human «1AT gene was used to mfect epithehd cells of 
Cotton rat respiratory tract in vitro and in vivo Freshly iso ated ^ b ™££ 
epithelial cells infected with Ad-otlAT contained human «1AT messenger R2s A 
Scripts and synthesized and secreted human odAT. After m vrvo 
■dminisLtion of Ad-odAT to these rats, human odAT messenger RNA ^ observed 
in the respiratory epithelium, human odAT was synthesized and secreted by lung 
IsZ J I humZ odAT was detected in the epithelial lining fluid for at least 1 week. 



ONE OF THE HURDLES TO OVER- 
comc in most forms of somatic gene 
therapy is the specific delivery of the 
therapeutic gene to the organs manifesting 
the disease. The lung presents special advan- 
tages because a' functional gene can be de- 
livered directly to the respiratory epithelium 
by means of tracheal instillation. The disad- 
vantage of such an approach is due to the 
normal biology of the respiratory epitheli- 
um; only a small proportion of alveolar and 
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airway epithelial cells go through the prolif- 
erative cycle in 1 day, and a large proportion 
of the cells are terminally differentiated and 
are, therefore, incapable of proliferation (1). 
In this regard, it may be difficult to transfer 
functional genes to the respiratory epitheli- 
um by means of vectors (such as retrovi- 
ruses) that require proliferation of the target 
cells for expression of the newly transferred 
gene (2). 

To circumvent the slow target-cell prolif- 
eration, wc have used a recombinant aden- 
oviral vector to transfer a recombinant hu- 
man-gene to the respiratory epithelium in 
vivo. Host cell proliferation is not required 
for expression of adenoviral proteins (3, 4), 
and adenoviruses are normally trophic for 
the respiratory epithelium (5). Other advan- 
tages of adenoviruses as potential vectors for 
human gene therapy are as follows: (i) re- 
combination is rare; (ii) there arc no known 
associations of human malignancies with 



adenoviral intections aespitc coiiiukm* nu.- 
man infectiorr-wth adenoviruses; (iii) the 
adenovirus genome (which is a linear, dou- 
ble-stranded piece of DNA) can be manip- 
ulated to accommodate foreign genes of up 
to 7.0 to 7.5 kb in length; and (iv) live 
adenovirus has been safely used as a human 
vaccine (3-8)* 

The adenovirus (Ad) major late promoter 
(MLP) was linked to a recombinant human 
ctlAT gene (9) and was incorporated into a 
replication-deficient recombinant (Fig. 1) 
(5, 10). TK£ vector has a deletion of a 
portion of the E3 region (that permits en- 
capsidation of the recombinant genome 
containing the exogenous gene) and a por- 
tion of the viral Ela coding sequence (that 
impairs viral replication) but contains an 
insert of an al AT expression cassette (Fig. 
1) (10, 11). After packaging into an infec- 
tious, but replication-deficient virus, Ad- 
alAT is capable of directing the synthesis of 
human alAT in Chinese hamstery ovary 
(CHO) and human cervical carcinoma 
(HeLa) cell lines (10). 

We obtained tracheobronchial epithelial 
cells by brushing the epithelial surface of the 
tracheobronchial tree from the lungs of the 
cotton rat [Sigmodon hispidus? an experimen- 
tal animal used to evaluate the pathogenesis 
of respiratory tract infections caused by hu- 
man adenoviruses (12)1 The freshly re- 
moved cells infected in vitro with Ad-al AT 
expressed human alAT mRNA transcripts, 
as demonstrated by in situ hybridization 
with a 3S S-labeled antisense human alAT 
RNA probe (Fig. 2). In contrast, no human 
alAT mRNA transcripts were observed in 
uninfected, freshly isolated tracheobronchial 
epithelial cells. Human alAT mRNA tran- 
scripts in the infected cells were capable of 
directing the synthesis and secretion of hu- 
man alAT, as shown by biosynthetic label- 
ing and immunoprecipitation with a specific 
antibody to human alAT (Fig. 2E). The 
newly synthesized, secreted alAT was hu- 
man al AT, as shown by the fact that human 
alAT (Fig. 2E, lane 3), but not cotton rat 
serum, blocked the antibody to human 
alAT. 

Ad-alAT transferred the recombinant 
alAT gene to the cotton rat lung in vivo 
(Fig. 3). Human alAT transcripts were 
observed in the lungs 2 days after intratra- 
cheal instillation of Ad-alAT, but not in 
lungs of animals that received only phos- 
phate-buffered saline (PBS) or in lungs of 
animals that received the Ad5 Ela-deletion 
mutant, Ad-dl312 (13). Biosynthetic label- 
ing and immunoprecipitation of extracellu- 
lar protein from lung fragments removed 
from infected animals demonstrated that dc 
novo synthesis and secretion of human 
alAT also occurred (Fig. 3B, lanes 11 
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through 15); this was not observed in unin- 
fected animals (lane 10) or in animals infect- 
ed with Ad-dl312. The de novo expression 
of the human alAT protein lasted at least 1 
week (lane 15), and the secreted human 
alAT was functional, as shown by its ability 



to form a complex with its natural target, 
human neutrophil elastasc (NE) (lanes 16 
through 18). 

Two lines of evidence demonstrated that 
the infection of the cotton rat lung with 
Ad-al AT took place in vivo and was not the 
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Fig. 1. Recombinant 
Ad vector. (Top) 
Wild-type Ad type 5 
(Ad5) genome show- 
ing the Ela, Elbfmap 
units (mu) 1.3 to 11.2; 
100 mu » 36 kb], and 
E3 (mu 76.6 to 86.0) 
regions. The recombi- 
nant vector Ad-alAT 
is constructed by delet- 
ing the majority of the 
E3 region and 2.6 mu 
from the left end of 
Ad5 and adding to the 
left end the alAT . 
expression cassette 
from the plasmid 
pMLP-otlAT, which 

contains regulatory se- 

quences and a recom- 
binant human alAT gene (10). (Bottom) Details of the alAT expression cassette. ITR, inverted 
terminal repeat. To construct the recombinant viral vector Ad-alAT, we ligated the expression cassette 
with Cla I-prccut Ad-dl327 DNA (23) (to remove a portion of the Ela region from Ad-dJ327). The 
recombinant adenovirus DNA was transfected into the 293 cell line (24, 25), where it was replicated, 
encapsidatcd into an infectious virus, and isolated by plaque purification. Individual plaques were 
amplified by propagation in 293 cells, and the viral DNA was extracted (26). The intactness of the DNA 
of the recombinant virus was confirmed before use by restriction fragment analysis and Southern 
(DNA) blot. Stocks of Ad-alAT and the Ad5 Ela deletion mutant Ad-dl312 were propagated and 
titercd in 293 cells (24). The virus was released from infected cells 36 hours after infection by five cycles 
of freeze- thawing. For some in vivo experiments Ad-alAT was further purified with OC1 (25). ' 

Fig. 2. Expression of hu- 
man alAT in respiratory 
epithelial cells freshly 
isolated from cotton rats 
infected with Ad-alAT 
in vitro. (A) Ad-alAT- 
infected cells, anrisense 
probe. (B) As in (A) but 
for uninfected cells. (C) 
Ad-al AT-infcctcd cells, 
sense probe. (D) As in 
(C) but for uninfected 
cells. (E) Human alAT 
biosynthesis and secre- 
tion. We anesthetized 
cotton rats (methoxyflu- 
rane inhalation), ex- 
posed the trachea and 
lungs through a midline 
thoracic incision, and 

perfused the pulmonary vasculature with LHC-8 medium (Biofluids) to remove blood. The trachea was 
transected, and the tracheobronchial epithelial cells (to the second order bronchi) were recovered with 
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a cytologic brush. The epithelial cells were gendy pelleted (300$, 8 min, 23°C), rcsuspended in LHC-8 
iy plated on fibronectin-collagen-coatcd plates (27), and infected with 2 x 10 7 plaque-forming 
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units (FFU) of Ad-alAT in LHC-8 medium or, as a control, exposed only to LHC-8 medium After 
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1 day, we evaluated expression of alAT mRNA transcripts in cytocentrifuge preparations by the 
technique of in situ hybridization (28, 29) with 3S S-labeled sense and anrisense RNA probes (1.2 x 10 s 
Cpf i2f M c prepared in pGEM-3Z (Promega). After hybridization, the cells were exposed to autoradiog- 
raphy film for 1 week and counterstained with hematoxylin and cos in (HE; all panels x520) In (E) 
die cells were infected as in (A). After 1 day, the cells were labeled with [ 3S S]methioninc (500 nCi/ml! 
24 hours, 37°C), and the supernatant was evaluated by immunoprccipitarion with goat antibodies to. 
human alAT (Cappel), SDS-po!yacryiamide gel electrophoresis, and autoradiography (30). Lane 1 
jminfectcd cells; lane 2, Ad-al AT-infected cells; and lane 3, Ad-al AT-infcctcd cells with unlabeled 
human alAT added to block the antibody. The position of migration of the 52-kD human alAT is 
indicated by the arrow. 
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result of virus carried over into the 
biosynthetic analysis. First, immedia 
uarion of lung tissue removed 2 and 
after in vivo infection with Ad-al 
vealed human alAT mRNA 
(Figs. 3A and 4). Second, evaluate., 
respiratory epithelial lining fluid of 
rats 3 days after infection with 
showei.no evidence of infectious 
pable of directing the biosynthesis of 
alAT, as evidenced by exposure of 
^cell line to epithelial lining fluid 
labeled methionine, followed by 
precipitation analysis in a manner i 
to that used for the analysis of the 
biosynthesis by the lung fragments. 

Evaluation of the cotton rat lung 
situ hybridization with anrisense and 
alAT RNA probes revealed human 
mRNA transcripts in lung cells of 
infected with Ad-alAT, but not in 
uninfected animals (Fig. 4). The expre 
of human alAT mRNA transcripts' 
patchy, as could be expected from the iS? 
od of intratracheal administration o£j 
alAT; more uniform expression sh< 
achievable by modifications of vector 
ery methods, such as by aerosol. Co 
with the observation that cotton rat 
tory epithelial cells were easily inf< 
vitro (Fig. 2), most of the transcripts 
epithelial cells; the available meth 
do not permit an accurate assessment 
distribution of expression among the 
tude of epithelial cell types in the 
Occasional grains were observed wi 
terstitial cells. 

Evaluation of the fluid lining the 
lial surface of the lungs with a 
alAT-specific enzyme-linked imm 
bent assay (ELISA) demonstrated the 
ence of human alAT in animals 
with Ad-alAT, but not in those 
with the deletion mutant virus Ad-dl3 
in uninfected animals (Fig. 5). 
alAT could be detected at all the 
evaluated (days 1 to 7 after Ad-alAT 
tionj. No adverse effects were ob: 
the animals at any time after infectio 
either Ad-dl312 or Ad-alAT. Beca 
methods available for administration 
a 1 AT to the animals result in variable 
ery and retention of the vector, it is 
to make quantitative animal-to-animal 
parisons. Thus, the time course for 
expression cannot be accurately de 
at this time, although the de novo 
thesis data demonstrate that the lung 
actively synthesizing human a 1 AT at 
(Fig. 3B, lane 15). 

Our findings are relevant to gene 
strategies for human diseases. The two 
common lethal hereditary disorders 
casians, alAT deficiency (allelic 
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3* Expression of human alAT mRNA tran- 
and synthesis and secretion of human 
X by cotton rat lung after Ad -a 1 AT infection 
vivo Cotton rats were anesthetized, and Ad- 
was diluted in 300 ui of PBS to 10 8 
Scri/ml and instilled into the trachea. Controls 
whicd 300 nl of PBS or 300 ul of PBS with 
jKai3l2 at 10 fl PFU/ml. After 1 to 7 days, lungs 
f^jrecxposed and lavaged, and the pulmonary 
'X-jaiiaturc was perfused with methionine- free 
LHOS medium. (A) We extracted total RNA 
(It) treated the RNA with an excess of deoxyri- 

''Lwceasc (DNase) (RQ1 RNase-Frec DNase, Promega), converted the 
^ cDNA by standard techniques, and amplified the cDNA by the 
Syrnerase chain reaction (PCR) for 25 cycles (32) with an adenoviral- 
Qic primer in the tripartite leader sequences (Fig. 1) and a human alAT 
^Tin-specific antisense primer (33). PCR products were evaluated by 
iear0 sc gel electrophoresis, followed by Southern hybridization with a 
toun alAT cDNA probe that was 32 P-labeled by random priming (34). 
fte size of the expected fragment (1062 bp) is indicated by the arrow. 
Averse transcriptase was present in lanes, 2, 4, 6, and 8. Lanes 1 and 2, 
"oninfected lung RNA from the cotton rat (PBS control); lanes 3 and 4, 2 
(fays after infection with Ad-dl312. Lanes 5 and 6, cotton rat 2 days after 
infection with Ad-al AT; lanes 7 and 8, a different rat, treated as in 5 and 6; 
. hoc 9, PCR control without RNA or DNA template. (B) At various tunes 
ifter injection, the lungs were minced, incubated for 1 hour in methionine- 
!frce L- IC-8 medium (37°C), and then incubated for 24 hours in medium 
*with[ ''Sl-methioninc (1 ml of medium/150 mg of tissue; 500 jtCi/ml). The 
mpematant was then evaluated by immunoprecipitarion with a rabbit 
antibody to human alAT (Boehringer Mannheim), SDS-polyacrylamidc 
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gels, and autoradiography as in Fig. 2E. Trichloroacetic acid-precipitablc 
radioactivity was evaluated by immunoprecipitarion (for lanes 10 to 15, 2 x 
10 6 cpm; for lanes 16 to 18, 1 x 10 6 cpm). Autoradiogram exposures for 
lanes 10 to 15 were identical; lanes 16 to 18 were evaluated at a different 
time, and the exposures adjusted such that the intensity of the alAT band 
without NE was similar to that in lane 13. We evaluated the ability of the 
synthesized human alAT to inhibit its natural substrate, NE, by incubating 
the supernatant with various dilutions of active NE (30 min, 23°C) before 
immunoprecipitarion. Lane 10, uninfected control; lane 11, 1 day after 
infection with Ad-al AT; lane 12, same as in 11 but with antibody exposed 
to unlabeled human alAT before immunoprecipitarion; lanes 13 through 
15, 2, 3, and 7 days, respectively, after infection with Ad-al AT; lanes 16 
through 18, 2 days after infection with Ad-al AT and with 3 nM, 30 nM, and 
300 nM NE added to the supernatant before irnmunoprecipitation, respec- 
tively. The uninfected control evaluated in parallel to lanes 16 through 18 
demonstrated no complexes. Indicated is the size of human al AT (52 kD) 
and the human alAT-human NE complex (81 kD). 



0.01 to 0.02) and cystic fibrosis (CF; allelic 
frequency 0.022), have their major clinical 
manifestations in the lung (9, 14). In alAT 
' deficiency, mutations of coding exons of the 
:l2.2-kb alAT gene result in decreased se- 
' rum and, hence, lung levels of otlAT, an 
antiprotease that normally protects the lung 
from destruction by the powerful proteolyt- 
;*k enzyme NE (9). Consequendy, affected 
individuals develop emphysema by age 30 to 
40, which results in a progressive respiratory 
impairment and a shortened life-span (15). 
.Transfer of the normal alAT gene to lung 
^ cells has the potential to protect the lung 
;;6om NE by local production of the func- 
; w tional antiprotease. 

* * In CF, mutations of coding exons of the 
>'-250-kb CF gene are associated with abnor- 
" maliues in respiratory epithelial cell secre- 
; - ;tion of thick mucus, chronic colonization of 
V the epithelium with pathogens such as Pseu- 
. domotuis aeruginosa, and airway inflammation 
dominated by neutrophils (14, 16). Because 
the Cl~ secretory abnormalities of epithelial 
( cells with the CF genotype can be corrected 
".by the transfer of the normal CF gene in 
vitro (77), it should be possible to overcome 
the expression of the abnormal gene by 
transfer of the normal gene to airway epi- 
thelial cells in vivo. 

A recombinant adenovarus^rni thine 
franscarbamylase (OTC) vector adminis- 
tered intravenously to sgf-ash mice (OTC- 
defkient) corrected the enzyme deficiency 
for at least 1 year (18), which suggests that 
bng •term expression is possible. In the 
hmg, long-term expression would be aided 
stable integration of the transferred gene 
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into the appropriate stem cells (1, 19, 20). 
Production of human alAT by lung cells 
continued for at least 1 week after in vivo 
infection with Ad-otlAT. If an inability of 
the virus to infect stem cells limits the length 
of the time of expression, repetitive admin- 
istration of the recombinant virus could be 
used, as long as safety is ensured. 

Respiratory epithelial lining fluid (ELF) 
levels of alAT of 1.7 \xM are sufficient to 
protect the human lung from its burden of 
NE (21). Because the lavage fluid used to 
obtain the ELF diluted the ELF 50- to 



100-fold (22), we estimate that the actual 
ELF levels achieved in experimental animals 
with a single infection of Ad-otlAT were 
—50-fold below threshold human protective 
level. Theoretically, it may be possible to 
achieve higher levels of alAT by increasing 
the viral titer, delivering Ad-al AT by aero- 
sol (thus dispersing the vector over a broad- 
er surface area), and repeating the adminis- 
trations of vector. 

The safety aspects for human gene therapy 
of the recombinant adenoviral vectors, un- 
like retroviral vectors, have not been exam- 



Fig. 4. In situ hybridiza- 
tion evaluation of lung 
from cotton rats infected 
in vivo with Ad-al AT. 

(A) Uninfected lung (PBS 
control) with antisense 
probe. (B through I) Sev- 
eral examples of Ad- 
alAT-infected lung. (B) 
Antisense probe. (C) As in 

(B) but with sense probe. 
(D) Antisense probe. (E) 
As in (D) but with sense 
probe. (F) Antisense 
probe. (G) As in (F) but 
with sense probe. (H) An- 
tisense probe. (I) As in 
(H) but with sense probe. 
Cotton rats were infected 

in vivo as described in Fig. j 1Alo nT , Tti 

3, with 300 m-1 of PBS alone or with 300 \x\ of Ad-al AT diluted to between 10° and 10 ,u PFU/ml in 
PBS. After 3 days, the lungs were exposed, blood was removed by cardiac puncture, and the lungs were 
lavaged. The trachea and pulmonary vasculature were perfused with 4% paraformaldehyde (PFA; Fluka 
Chemical Corp.); the lungs were resected, fixed in 4% PFA, and frozen. Cryostat sections (7 to 10 jim) 
were serially treated with 0^2 M HC1 and proteinase K (1 u.g/ml) immediately before hybridization and 
evaluated with 35 S-labeled antisense and sense RNA probes as described in Fig. 2. As far as was possible, 
serial sections were used for the antisense and sense probes. All cryostat sections were stained with HE 
(all panels x515). 
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Fig. 5. The amount of human alAT in the 
respiratory ELF of cotton rats after in vivo infec- 
tion with Ad -a 1 AT. Animals were infected intra- 
trachcaUy with CsCl-purified Ad-alAT (10 8 to 
10 10 PFU/ml) as described in Fig. 3; controls 
included uninfected animals and those infected 
with a similar titer of Ad-dl312. From 1 to 7 days 
after infection, ELF was obtained by lavage of the 
lungs with 2 ml of PBS. Lavage fluid was clarified 
(70%, 20 min), and the concentration of human 
alAT was quantified (in quadruplicate) with a 
human alAT-specific ELISA (35) with a sensi- 
tivity of a 3 ng/mL Each symbol represents the 
mean value of an individual animal. All uninfected 
animals, O; for infected animals, 1 (O, •), 2 (A, 
A), 3 (□, ■), and 7 (T, V) days after infection, • 
respectively. No alAT was detected by ELISA in 
the viral preparations used for infection. 
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incd in detail. Safety is particularly impor- 
tant in weighing risk and benefit in response 
to alAT deficiency, in which augmentation 
therapy with human plasma alAT is avail- 
able (21). In contrast, no definitive therapy 
is available for CF. Most human adults have 
antibodies to one of the three serogroup C 
adenoviruses to which Ad5 belongs (5). 
This implies little risk to those working with 
these vectors but may have negative impli- 
cations for the virus as a gene transfer vector 
in the human lung. If such problems are 
encountered, alterations in the vector con- 
struct may be helpful. The encouraging re- 
suits obtained with the Ad-alAT recombi- 
nant adenoviral vector in vivo suggest that 
similar recombinant vectors may be useful 
for in vivo experimental animal studies with 
genes such as the human CF gene. 
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Group I Intron Self-Splicing with Adenosine: 
Evidence for a Single Nucleoside-Binding Site 

Michael D. Been* and Anne T. Perrotta 

For self-splicing of Tetrahymena ribosomal RNA precursor, guanosinc bin< 
required for 5' splice-site cleavage and exon ligation. Whether these two reacti 
the same or different guanosine-binding sites has been debated A double mutati 
a previously identified guanosine-binding site within the intron resulted in pr ' 
for adenosine (or adenosine triphosphate) as the substrate for cleavage at the * 
site. However, splicing was blocked in the exon Hgation step. Blockage was revL 
a change from guanine to adenine at the 3' splice site. These results indicate 
single determinant specifies nucleoside binding for both steps of splicing. Fi 
more, it suggests that RNA could form an active site specific for adenosine 
phate. 



GROUP I INTRONS SHARE CON- 
served sequence elements and a 
common core secondary structure 
(f ). Consistent with these similarities, there 
is a common mechanism by which group I 
introns are excised and the exons ligated (2, 
3). A significant feature of all group I in- 
trons is the requirement for G (4) to initiate 
the splicing reaction (2, 5). The first step is 
a G-dependent cleavage at the 5' splice site. 
This step is a transesterification (phospho- 

Depanment of Biochemistry, Duke University Medical 
Center, Durham, NC 27710. 

*To whom correspondence should be addressed. 



ester transfer) reaction in which 
strate G is covalendy joined to the 5' 
the intron. As a result, a free 3' h 
group is generated on the U at the 
the 5' exon. In the second step 
splicing reaction, the exons are liga' 
another transesterification reaction, 
case, attack occurs at the 3' side 
conserved G at the 3' end of the 
(G414) (6) (Fig. 1). This G is essen' 
completion of the splicing reaction ( 
5' splice-site cleavage can be viewed 
"forward" reaction, and the exon li 
can be viewed as the "reverse" of I 
reaction (8-10). This idea was demo 
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Short Communications 

Growth hormone gene expression in eukaryotic cells directed by the Rous sarcoma virus long terminal 
repeat or cytomegalovirus immediate-early promoter 

(Recombinant DNA; rat GH 3 cells; retrovirus; enhancer; DEAE-dextran transfections) 
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The cytomegalovirus (CMV) immediate-early (IE) gene-regulatory region was found to be three- to fourfold 
more efficient than the Rous sarcoma retroviral long terminal repeat (LTR) in promoting expression of the 
bovine growth hormone (bGH) gene by rat GH 3 cells. 



INTRODUCTION 

Qy-acting DNA sequences found in the 5 '-flank- 
ing regions or within eukaryotic genes are necessary 
for the promotion, enhancement and/or regulation of 
gene transcription (Benoist etal., 1980; Darnell, 
1982; Gillies etal., 1983; Grosveld etal., 1982; 
Minty and Newmark, 1980). Eukaryotic viruses 
have been shown to possess enhancer/promoter 
sequences which are important in viral gene expres- 
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bGH, bovine growth hormone; bp, base pairs; CMV, cyto- 
megalovirus; DEAE, diethylaminoethol; DM EM, Dulbecco's 
modified Eagle medium; IE, immediate-early region; kb, 
1000 bp; LTR, long terminal repeat; nt, nucleotide^ ); PA, poly- 
acrylamide; RSV, Rous sarcoma virus; Tc, tetracycline. 



sion (Benoist and Chambon, 1981; Terrain, 1982; 
Yaniv, 1982). Retroviral LTRs contain control se- 
quences which direct the synthesis of progeny viral 
RNA and viral mRNAs (Temin, 1982). The human 
CMV genome contains a major IE gene, located 
in the long unique region of the viral genome (Sten- 
berg et al., 1984; Stinski et al., 1983) which is 
expressed in large amounts after infection (Wathen 
and Stinski, 1982). 

We were interested in comparing the RSV LTR 
and the CMV IE promoters in their ability to direct 
eukaryotic gene expression in a similar host-cell 
environment. Recombinant plasmids were con- 
structed which contain viral promoters ligated to the 
coding sequences of the bGH gene. Using a 
eukaryotic assay system previously described (Kop- 
chick et al., 1984; 1985), we compared the two pro- 
moters in their ability to direct synthesis of bGH. 
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EXPERIMENTAL AND DISCUSSION 

(a) Construction of bGH expression vectors 

Recombinant plasmid DNAs termed pBGH-4 
and pCMVIE-BGH (Fig. 1) were used in this study. 
Both constructions were derived from pBGH-2, a 
plasmid which contains a BamHl-EcoRl fragment 
derived from the bGH gene (Kopchick et al., 1985). 
This DNA fragment encodes the 5' mRNA non- 
translated leader sequence, five exons, four inter- 
vening sequences, and the 3 '-flanking untranslated 
region found in the bGH gene (Woychick et al., 
1982). We previously reported that the 5'-noncoding 
sequences found in the native bGH gene (clone 
pBGH-1) were inactive in directing detectable levels 
of bGH synthesis and secretion in rat GH 3 cells 
(Kopchick et al., 1985). 

The cloning strategy of pBGH-4 has already been 
described (Kopchick et al., 1985). Briefly, pBGH-4 
contains an approx. 1.5-kb DNA fragment isolated 
from a plasmid clone of Schmidt Ruppin B strain of 
RSV. This fragment includes the retroviral LTR 



which has been ligated to the 5' end of the bGH 
coding sequences (Fig. 1). 

Plasmid pCMVIE-BGH (Fig. 1) was derived 
from the recombinant plasmid p!6T-132 (M.J.T 
unpublished). A 2-kb Pstl fragment isolated from a 
CMV (Eisenhardt strain) genomic clone bank was 
subcloned in pBR322 and was termed pl6T-l32. It 
encodes a promoter-regulatory region similar to that 
of the Towne strain of CMV (Thomsen et al., 1984- 
M.J.T., unpublished). Plasmid pCMVIE-£g/II Wa s 
obtained from pl6T-132 by introducing an 8-bp 
Bglll linker at a unique Sacll restriction site located 
in the 5' untranslated leader sequence of the CMV 
major immediate early mRNA (Stenberg etal., 
1984). The pCMVIE-BGH cloning procedure was 
performed as follows. Two DNA fragments were 
generated by digesting pBGH-2 with 
BamHl + EcoRL Digestion of pCMVIE-5g/II with 
EcoRl + Bglll also resulted in two DNA fragments. 
Equimolar concentrations of the four DNA frag- 
ments were mixed and ligated with the T4 DNA 
ligase (IB I, New Haven, CT). Recombinant DNA 
plasmids were used for transformation of Escherichia 
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Sail 
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Fig. 1. Comparison of the recombinant plasmids pBGH-4 and pCMVIE-BGH. Each construct contains a BamHl-EcoRl restriction 
fragment (approx. 1.9 kb) encoding the five exons (closed boxes, I, II, III, IV, V), four introns, and 3 '-untranslated flanking sequence 
(thin line) of the bGH gene cloned in pBR322 (double striped lines). pBGH-4 contains a Sall-BstEU restriction fragment (approx. 1.5 kb) 
derived from a plasmid clone of a Schmidt Ruppin B strain of RSV (pL397) and includes part of the retroviral env gene (double open 
lines) and the retroviral LTR (hatched box) ligated to the 5' end of the bGH between the BamHl and the Bst EI I restriction termini 
(asterisk) as previously described (Kopchick etal., 1985). The location of the putative Hogness box (TATTTAA) is indicated. 
pCMVIE-BGH contains a Pstl-Bglll restriction fragment (approx. l.l kb) isolated from a plasmid clone (pCMVlE-flg/II) of the 
Eisenhardt strain of human CMV (double open lines). This fragment includes the promoter-regulatory region (hatched box) of the major 
IE gene, linked to the 5' end of the bGH structural gene between the BamHl and the Bglll termini (asterisk). The location of the TATA 
box is indicated. 
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cod R-R 1 ce ^ s transformants were selected for Tc 
resistance. DNA from bacterial colonies that hybrid- 
ized to a bGH probe were isolated and analyzed by 
restriction endonuclease digestion. A recombinant 
piusmid termed pCMVIE-BGH was selected and 
th - DNA purified. This plasmid contains the bGH 
coding gene sequences attached to the promoter 
region of the major IE gene from the Eisenhardt 
strain of human CMV (Fig. 1). 

(b) Nucleotide sequencing 

The nucleotide sequence of the hybrid 
Bi .7! HI site at the junction of the CMV and bGH 



fragments and the structure of the CMV IE promoter 
are shown in Fig. 2 A (Thomsen et ah, 1984). For 
comparison, the structure of the RSV LTR is depict- 
ed in Fig. 2B; the exact nucleotide sequence at the 
junction of the avian retrovirus and the bGH frag- 
ments was analyzed previously (Kopchick et al., 
1985). It is assumed that transcription initiates from 
the normal cap site found within the LTR and CMV 
promoters and continues into the nearby bGH se- 
quences. The locations of the TATA box, the CAAT 
box and the cap site are shown (Fig. 2, A and B). A 
consensus promoter sequence (TATTTAA) has 
been located in the U3 region of the LTR, 30 nt 
upstream from the viral RN A start point found in the 



CMV.IE 



BGH 



Junction 

5' CCAGCCTCCAGATCCCAGGAC 



3' 



GGTCGGAGGTCTAGGGTCCTG 5' 



A. - H -> ~ 




CAAT 



TATATA 



100 bp 



TATTTAA 



cap 



ATG 



B. 



u 3 




5* 
3' 



CATTTGGTGACGATCCCAGGA 
GTAAACCACTGCTAGGGTCCT 



3' 
5' 



Junction 
LTR BGH 

Fig. 2. Nucleotide sequence of the CMVIE-BGH and RSV-BGH junctions. (A) pCMVIE-BGH. The structure of the CMV IE-promoter 
a:id its junction with the first exon of the bGH gene is summarized. The relative position of the viral mRNA cap site (cap), the TATA 
iind CAAT regions, and of the 19-bp (thick arrows) and 18-bp (thin arrows) direct repeat sequences are shown, as previously reported 
(Thomsen et al., 1984). The exact nucleotide sequence at the junction between the viral (CMV IE) and bovine (bGH) DNA fragments 
was determined. Briefly, pCMVIE-BGH was cleaved with Pstl. A 1.2-kb DNA fragment containing the CMV sequence and a portion 
of the first exon of the bGH gene (Fig. 1 ) was isolated from a 1 % low melting agarose gel (Seaplaque from FMC, Marine Colloid Division, 
Rockland, MA). The Pstl fragment was 3' end labeled with didebxyadenosine 5'-[y- 32 P] triphosphate (ddATP, 250 uCi, approx. 
300 Ci/mmol; Amersham) and terminal transferase. Fragments with a single 3 '-labeled end were produced by digesting the Pstl fragment 
with Sad. The Sacl-Pstl fragments (approx. 133 bp) were separated on an 8% PA gel, purified and sequenced (Maxam and Gilbert, 
1980). (B) pBGH-4. The structure of the RSV LTR is summarized: U3, portion of the LTR derived from the 3' terminus of viral RNA; 
U5, portion of the LTR derived from the 5' terminus of the retroviral RNA; R, 21-bp terminal redundancy found in viral genomic RNA. 
The viral mRNA cap site (cap) and Hogness box (TATTTAA) are shown (Schwartz et al., 1983). The strategy used for sequencing the 
junction between the RSV promoter (LTR) and the bovine genomic DNA (bGH) has been described (Kopchick et al., 1985). The position 
of the translation start codon (ATG) in the first exon of bGH is indicated (Woychick et al., 1982). 
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R region of the LTR (Fig. 2B) (Ju and Skalka, 1980; 
Schwartz et aL 1983). Typical TATA and CAAT 
boxes (Fig. 2A) are found 28 bp and 61 bp, respec- 
tively, upstream of the cap site, in the CMV IE pro- 
moter (Thomsen et al., 1984). The 5'-mRNA non- 
translated leader sequences, extending from the viral 
RNA cap site to the bGH ATG translation^ start 
codon, are 164 bp and 128 bp long, for pBGH-4 and 
pCMVIE-BGH, respectively. 
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Fig. 3. Bovine growth hormone expression by transiently trans- 
formed GH 3 cells. Equal amounts (ranging from 50 to 
1500 /xg/ml) of purified pBGH-4 or pCMVlE-BGH DNAs were 
transfected into rat GH 3 cells in the presence of DEAE-dextran 
(200 jig/ml). Secretion of bGH into the culture fluid was assayed 
by a standard double antibody radioimmunoassay (Leung et ah, 
1984). The production of bGH by the cells transformed with 

pBGH-4 (• •) or with pCMVIE-BGH (□ □) was 

measured 24, 48, 72, 96, and 1 20 h after transfection and is 
expressed in ng/ml of culture medium (DM EM). A total of 2 ml 
of culture fluid was used in each cellular incubation. 



(c) Production of bGH 

pBGH-4 and pCMVIE-BGH plasmid DNAs 
were introduced transiently into cultured rat GH 
cells. The concentration of DNA that resulted in 
optimum bGH expression was between 500 to 
1000 ng/ml (Fig. 3) and is in agreement with DNA 
concentrations reported previously for other ceil 
types (Kopchick and Stacey, 1984). The time course 
of the bGH expression directed by the optimum level 
of pBGH-4 or pCMVIE-BGH DNAs in rat GH3 
cells is shown in Fig. 4. Synthesis of bGH begins 
between 1 and 2 days post-transfection and in- 
creases regularly for up to 5 days. Transfected cells 
continue to secrete bGH for up to 14 days post- 
transfection with optimal bGH levels detected 
between days 5 and 9 (Fig. 4). This time course is in 
agreement with results previously reported in 
transient gene expression for other cell lines (Kop- 
chick and Stacey, 1984). At 24 h post-transfection, 
cells transfected with pBGH-4 did not secrete 
detectable levels of bGH but cells transfected with 
pCMVIE-BGH did produce bGH (75 ng/ml). The 
difference in bGH secretion at 24 h is statistically 
significant (P< 0.001, Student's r-test). The syn- 
thesis of bGH by GH 3 cells transfected with 
pBGH-4 DNA increased during the first 3 days 
post-transfection but never surpassed 230 ng/ml. 
However, bGH secretion by cells transfected with 
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Fig. 4. Bovine growth hormone secretion at different timepoints 
posttransfection. The production of bGH by the rat GH 3 cells 

transfected with pBGH-4 (400 ng/ml; • •) or pCMVlE- 

BGH (400 ng/ml; □ □) was assayed daily (see legend of 

Fig. 3) for 9 days posttransfection and is expressed in ng/ml of 
culture medium (DMEM). A total of 2 ml of culture fluid was 
used in each cellular incubation. 
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(a order to improve the in vivo delivery of human proteins destined for replacement therapy, a recombinant adenovirus containing the cONA 
sequence encoding human a, -antitrypsin has been constructed and shown to direct expression of the protein in the supernatant of human cell lines. 

An u pro tease Serine protease: z, -Antitrypsin: Gene targeting; Drug delivery, in vivo: Recombinant adenovirus 



1. INTRODUCTION 

at-Antiirypsin (a ( AT) is a scrum antiprotease which 
is mainly produced by hepatocyies and mononuclear 
phagocytes and whose major physiological Function is 
to inhibit neutrophil elastase (NE) activity in the lung 
[1]. NE is a serine protease capable of degrading pro* 
teins of the alveolar interstitium, the result of this ac- 
tion being the destruction of the lung parenchyma [2]. 
Severe hereditary deficiency of a\ AT is associated with 
low plasma and lung levels of a t AT and predisposes af- 
fected individuals to pulmonary emphysema by impair- 
ing the protease/antiprotease balance in the lower 
respiratory tract (3,4). 

oriAT replacement is currently being assessed in the 
therapy of hereditary emphysema [5]. Large quantities 
of recombinant un glycosylated art AT have been made 
available by production in £♦ coii or yeast but the 
absence of sugar side chains results in a shorter plasma 
half-life [6-8]. 

To circumvent this problem the product could be 
delivered directly to the site where the pathology of the 
deficiency is manifest, i.e. the alveolar epithelium. 
Aerosol administration of recombinant at AT has been 
shown to be effective in onAT-deficient patients [8,9). 
Another possible approach is to implant in the lung 
autologous cells secreting 4 normal' an AT or to deliver 
the correct at AT gene in situ via, for instance, a recom- 
binant viral vehicle infecting the lung epithelial cells. 
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Both approaches rely on an efficient vector suited for 
high level and stable expression of at AT in exogenous 
cells. 

Retroviral vectors have recently been used to produce 
glycosylated recombinant at AT [10]. Transformed 
fibroblasts have been implanted in the peritoneal cavity 
of nude mice and human atAT secreted by these cells 
has been detected in plasma and in the epithelial fluid 
of the lungs [1 1]. Although confirming the feasibility of 
the strategy, these experiments, however, demonstrated 
the need for improvement in the technology since the 
amounts of atAT produced by the retrovirus-infected 
cells were low. 

• 

2. EXPERIMENTAL 

2.1. Construction of the expression piasmid MLP-ctiA T 
Piasmid MLP-atAT contains the following sequences inserted bet* 

ween the £coRl and BamHX restriction sites of pBR322. (i) The 455 
base pairs of the left end of the human adenovirus (Ad) type 5 
genome (nucleotides 1-455). This fragment carries the Inverted Ter- 
minal Repeat, the'encapsidation signal sequences and the enhancer of 
the £1 A promoter. (U) The major late promoter (MLP) of the human 
Ad type 2 (nucleotides 5780-6038). followed by an almost complete 
copy of the tripartite leader cDNA sequence (nucleotides 6039-6079: 
7100-7171; 9634-9713). (iii) The complete human atAT cONA and 
(iv) the potyadenylatioo signal from the SV40 A gene (nucleotides 
2666-2533). 

2.2. Construction of recombinant adenovirus 

The piasmid MLP-atAT was digested with Psti and Accl within 
the pBR322 sequence, and the excised fragment wis doned into the 
unique Oai site (map units 2.6) of Ad type 5, thus replacing a portion 
of the viral E1A gene (Fig. 1)1 To obtain an acceptable DNA size for 
encapsidation, it was necessary to use an Ad deleted in the £3 region 
(dl327). which is not essential for the growth of the virus in vitro or 
in vivo. After ligation, the DNA was used to transfect Ad type 
Snransformed human 293 cells [121. using calcium phosphate 
precipitation (13 J. A recombinant adenoviras-aiAT (Ad-a t AT) was 
isolated after 7 days, as shown by DNA analysis. 
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..3. a/zlTexprasiO't 

at AT expression was monitored by EL1SA essentially as described 
i (14). Goat anti-human aiAT (Cappd. Meivern, PA, USA) was us- 
d as the primary and secondary antibody, the latter .being tagged 
nth peroxidase- % ' 

" RESULTS AND DISCUSSION 

Transient expression of a\AT was tested in CHO 
:eUs after transfection with plasmid MLP-iiAT. At 
15 h post-transfection. 2.5 /<g/mi of aiAT were found 
n the supernatant (not shown). This demonstrated that 
he MLP directs the transcription of the atAT cDNA 
> an mRNA that is efficientiy translated, 
pression levels of oriAT synthesized after Ad- 
r,*r infection of 293 and HeLa cells are presented in 
Table L Infection by the recombinant adenovirus at a 
nultiplicity of 10 or 100 p.f.u. per cell led to accumula- 
ion of a. AT in the medium. After 6 days of infection 
vith 100 p.f.u. of HeLa cells 60/<g/ml of art AT were 
detected. The results show that Ad can be used in vitro 



Table I 



Time course of extracellular oriAT production 



Day 


293 cells 


HeLa ceils 


10 p.f.u. 


100 p.f.u. 


10 p.f.u. 


100 p.f.u. 




1.933 


. 3.937 


0 


0.625 




3.750 


5.400 


0.325 


4.375 




4.250 


5.050 


3.800 


41.250 




4.250 


5.500 


31.250 


60.000 



"he cumulative amounts of human an-anti trypsin (expressed in 
g/ml) produced after infeaion of 1 x 10 7 293 and HeLa ceils with 
10 or 100 p.f.u. of Ad-atAT virus 



to express high levels of human atAT. Amounts are 
higher for HeLa ceils (which do not complement the 
E1A defect) than for 293 cells where the recombinant 
virus can grow efficiently. This observation can be ex- 
plained by the fact that in HeLa cells the cellular 
machinery can transcribe the viral genes more efficient- 
ly as it is less compromised by the growth of the virus. 

4. CONCLUSION AND PROSPECTS 

With the goal of improving the expression of recom- 
binant glycosylated atAT we have explored the use of 
an Ad vector. Ad vectors have proved useful for 
achieving high-level expression of a variety of foreign 
genes in different ceil types [15-191. Ad infeaion in 
humans is benign and no neoplastic transformation has 
been associated. Here we report the construction of a 
recombinant Ad bearing the cDNA of the human ai AT 
under the control of the viral major late promoter. 
Since the El A region is replaced, this vector is 
repUcation^efective unless propagated in human 293 
ceils which complement the E1A defect, but can infect 
a variety of cdl types where stable genomic integration 
of the viral sequences can occur. 

Our results argue in favor of the possibility of a 
recombinant adenovirus vector being used to correct in 
vivo atAT deficiency. 
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pCMVIE-BGH DNA increased from approx. 
75 ng/ml at 24 h post-transfection to 760 ng/ml at 
120 h. 

Thus, the CMV IE promoter appeared more 
efficient than the RSV LTR in its ability to direct 
expression of the bGH gene in GH 3 cells at all times 
posttransfection. Also pCMVIE-BGH plasmid 
DNA led to the synthesis of three to five times more 
bGH than did pBGH-4 DNA, independent of the 
dose of transfected DNA (Fig. 3) or time post- 
transfection (Fig. 4). Similar results were obtained in 
transiently transfected mouse L cells (not shown). 

Since the hybrid DNA molecules, RSV-BGH and 
CI 1VIE-BGH, were cloned into pBR322 at different 
reliction sites and in different orientations, a possi- 
bility exists that plasmid sequences may influence 
transcription of the bGH gene. DNAs encoding the 
hybrid genes were excised from the pBR322 vector 
and purified by gel electrophoresis. Transfection of 
the linear purified DNA fragments into GH 3 cells 
yield results identical to these presented above, indi- 
cating that pBR322 nucleotide sequences do not 
in Juence transcription of the bGH gene in either of 
the hybrid molecules (not shown). The transfection 
efficiencies of linear vs. circular DNA molecules are 
similar to those reported previously (Kopchick and 
Stacey, 1984). 

(d) Comparison of promoters 

The molecular characteristics that enable the 
CMV IE-promoter/enhancer to be more efficient 
than the RSV LTR or the natural bGH 5' regulatory 
flanking sequences in directing expression of bGH in 
GH 3 cells are unknown. The precise locations of the 
TATA box, the CAAT box and the viral mRNA cap 
site in the CMV IE promoter-regulatory region have 
been defined (Thomsen et al., 1984). Sequence 
analysis of the human CMV IE promoter revealed 
nucleotide repeating units of 16, 18, and 19 bp 
(Thomsen et al., 1984). The 19-bp repeats appear 
highly conserved between different strains of human 
and simian CMV. Thomsen et al. (1984) suggested a 
correlation between these repeat sequences, the for- 
' mation of cruciform structures, and the CMV IE- 
promoter strength. In the case of retroviruses, viral 
RNA synthesis has been shown to initiate at the cap 
site in the R region using promoter sequences located 
in U3 (Temin, 1982); a putative Hogness box ap- 



peared 30 nt upstream from the cap site in the RSV 
genomic DNA sequence (Ju and Skalka, 1980; 
Schwartz et al., 1983). A functional CAAT box was 
described in the U3 region of the Abelson murine 
leukemia virus (Srinivasan et al., 1984) but no 
homologous transcriptional regulation signal ap- 
peared in the RSV "LTR sequence (Schwartz et al„ 
1983). The RSV LTR has been shown to contain an 
efficient promoter as well as an enhancer (Laimins 
et al., 1984; Luciw et al., 1983; Skalka et al., 1983). 
Short sequences in the RSV LTR were found homol- 
ogous to the tandem repeat enhancer element of 
SV40 (Ju and Skalka, 1980; Weiher et al., 1983). 
Enhancers have also been identified within the U3 
region of various retroviral LTRs (Khoury and 
Gruss, 1983; Srinivasan etal., 1984), and different 
studies suggested a correlation between the LTR 
enhancer activity and the activation of cellular 
protooncogenes by retroviruses (Khoury and Gruss, 
1983 ; Temin, 1982). Further experiments that explic- 
itly compare the role of these particular sequences in 
the LTR and CMV IE-promoter/enhancer are now 
required. 
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